Novel approach to grain refinement of cast Zn alloys by Liu, Zhilin
 
 
 
 
 
Novel Approach to Grain Refinement of Cast Zn Alloys 
Zhilin Liu 
B. Eng. 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2015 
School of Mechanical and Mining Engineering 
 
i 
 
Abstract 
      Grain refinement through inoculation treatment is an important process in metal casting, 
because the refined grains introduce sound castability, enhance chemical and structural uniformity, 
improve the mechanical properties and increase the formability in the subsequent forming process. 
A number of effective grain refiners have already been well developed and practically used in light 
metals/alloys, such as Al and Mg alloys. As one of the most common engineering materials in use, 
cast Zn possesses many advantages, including energy-saving melting, casting soundness, good 
corrosion resistance and dimensional tolerance. In addition, the majority of Zn alloy components 
are wrought products, thus, the formability of the alloy is critical. However, Zn cast products are 
normally associated with coarse grains, which result in brittleness, low strength and poor 
formability. Hence, grain refinement of cast Zn alloys has been considered as an effective approach 
to increase the quality of Zn products at the lowest cost. However, there are few efficient grain 
refiners available for cast Zn due to the lack of research on grain refinement in this type of alloys. 
      Based on the currently available grain refinement theories/models that were developed in Al and 
Mg alloys, four new grain refiners (master alloys), i.e. Zn-10wt.% Ag, Zn-18wt.% Cu, Zn-60wt.% 
Mg and Zn-6wt.% Al, were originally developed for cast Zn in this PhD project. Foundry test 
shows that all these four grain refiners can produce significant grain refinement in cast Zn.  
Furthermore, the grain refining mechanisms were also comprehensively investigated in terms of the 
three phase diagram related parameters, i.e. growth restriction factor (Q), supercooling parameter (P) 
and freezing range (∆T), and the crystallography of heterogeneous nucleation. It was found that no 
single factor can define the grain refining efficiency. 
      The effect of grain refinement on tensile properties of cast Zn alloys was studied through 
specially-designed experiments. Two groups of Zn-Mg and Zn-Al alloys with fixed solute contents 
were prepared using different cooling rates to achieve various grain sizes, which enables to 
distinguish grain-refinement strengthening from solid-solution strengthening. Then, the Hall-Petch 
equations were determined in binary Zn-Mg and Zn-Al alloys, respectively. Through controlling the 
addition levels of Mg/Al in Zn melts, the different grain sizes of another two groups of binary cast 
Zn alloys (solidified at a fixed cooling rate) were also produced, in which both grain-refinement 
strengthening and solid-solution strengthening coexist. After extracting the grain-refinement 
strengthening component, the contribution of solid-solution strengthening to the yield strength was 
then mathematically quantified. Further, empirical relations, between yield strength, grain size, 
solute content and intrinsic friction, in different alloys were established. The experimental results 
indicate that the yield stress of all alloys was increased by > 50 MPa compared with the unrefined 
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cast Zn, while the onset necking only occurred in the cast Zn-Al alloys corresponding to the 
maximum elongation (~ 4.7%). Fractographic analysis show that the primary brittle mode cannot be 
changed in all cast dilute Zn alloys, even though the grain sizes were substantially decreased by 
90%. 
      The effect of adding different solutes, including Ag, Cu, Mg and Al, on the grain refining 
efficiency was investigated. It is found that, in peritectic alloys (Zn-Cu and Zn-Ag), the average 
grain size of as-cast Zn alloys decreases with increase in the solute content when it is below a 
critical value. This critical value is 1.7 wt.% Cu in Zn-Cu binary alloy and 3 wt.% Ag in Zn-Ag 
alloy. Further increase of the solute content led to grain coarsening. Considerable microstructural 
characterization and crystallographic examination indicated that: although peritectic reaction 
possibly does not occur due to the relatively fast cooling in practical cast process (no time for the 
solute to diffuse in solid phase), the pro-peritectic phases, AgZn3 and CuZn4, can act as effective 
heterogeneous nucleant particles. Thus, the grain refinement resulted from addition of either Ag or 
Cu is attributed to the cooperative contributions from the solute effect (that restricts the grain 
growth) and from the heterogeneous nucleation. At high addition levels of solute, formation of 
coarse pro-peritectic phase particles, which reduces the number of active nucleant particles, is 
responsible for the grain coarsening of cast Zn alloys.   
      Then, the crystallographic relations, between AgZn3/CuZn4 and Zn, were investigated. Two new 
HCP-HCP orientation relationships (ORs) between the pro-peritectic phase (AgZn3/CuZn4) and -
Zn matrix were experimentally determined using electron backscattered diffraction (EBSD) and a 
Euler-based numerical method. The determined ORs are: 
[1213]AgZn3 // [1210]Zn, (0111)AgZn3 // (1011)Zn, (1010) AgZn3 // (0002)Zn 
 [1120]CuZn4 // [2113]Zn, (1101)CuZn4 // (1011)Zn, (0002)CuZn4 // (0110)Zn 
These two ORs were also theoretically verified based on the edge-to-edge matching (E2EM) model. 
This further verifies that pro-peritectic phases can be effective nucleants.  
      Although the most effective grain refiners used in industry are associated with peritectic-based 
alloy systems, such as Al-Ti, Mg-Zr and Mg-Al2Y. In the present thesis, it was found that the 
eutectic-forming solute, Mg, can also significantly grain refine the cast Zn. Differential thermal 
analysis (DTA) of the Zn-Mg alloy, in which efficient grain refinement occurred, evidenced an 
unexpected peak that appeared before the nucleation of -Zn grains on the DTA spectrum. Based 
on extensive examination using X-ray diffraction, high resolution SEM and EDS, it was found that: 
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(a) some faceted Zn-Mg intermetallic particles were reproducibly observed; (b) the particles were 
located at or near grain centres; (c) the atomic ratio of Mg over Zn of the intermetallic compound 
was determined to be around 1/2. Using tilting selected area diffraction (SAD) and convergent 
beam Kikuchi line diffraction pattern (CBKLDP) techniques, these faceted particles were identified 
as MgZn2 and an HCP-HCP orientation relationship between such grain-centred MgZn2 particles 
and the -Zn matrix was determined. The determined HCP-HCP OR (between MgZn2 and -Zn) is 
one variant of the ORs reported in the efficient Al2CO-Mg nucleation system. The present 
determined OR between MgZn2 and -Zn is actually a different variant of the OR between Al2CO 
and Mg. Hence, the unexpected peak on the DTA spectrum is believed corresponding to the 
formation of MgZn2 particles, which act as potent heterogeneous nucleation sites. Together with the 
solute effect of Mg on restricting grain growth, such heterogeneous nucleation is cooperatively 
responsible for the grain refinement in Zn-Mg alloys. Moreover, the effect of geometrical features 
(i.e. size, size distribution and morphology) of the nucleant particles on grain refinement was also 
analysed using the free growth model.
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Chapter 1 Introduction 
1.1 Cast Zn, Zn alloys and grain refinement 
      For functional and decorative applications, zinc and zinc alloys are normally utilized in the form 
of coatings, castings, rolled sheets, drawn wire, forgings and extrusions [1, 2]. Cast zinc normally 
possesses a hexagonal close-packed (HCP) crystal structure, as shown in Fig. 1. When used as 
general cast products, zinc and zinc alloys can be prepared through die casting, sand casting, 
permanent mould casting and etc [3]. Zinc casting possesses many favourable properties from the 
perspectives of technology, sustainability, environment and recycling [4, 5]. There are several 
typical advantages for the application of cast zinc and zinc alloys [6, 7], including (1) energy-
efficient melting; (2) sound dimensional tolerance and surface finishes for near net-shape 
manufacture; (3) good atmospheric corrosion resistance; (4) potential structural and/or pressure-
tight components [7]. However, the as-cast zinc products usually consist of randomly-distributed 
coarse grains, which may result in some defects such as crystal’s cleavage, rupture, large residual 
stress, and dislocation [2]. In addition, the mechanical properties of cast zinc alloys will be impaired 
under service due to coarse grains. 
  
Fig. 1.1 Crystal structure of the HCP Zn and Zn alloys with typical close-packed directions/planes. 
      Grain refinement has been widely employed to achieve a uniformly-distributed equiaxed (or 
near equiaxed) grain structure [8, 9]. Not only does grain refinement affix a positive influence on 
the microstructural uniformity and castability (i.e., resistance to hot cracking and feeding 
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characteristics), but it also improves the mechanical properties (i.e. ductility, strength and plastic 
deformation-resistance) of cast/wrought metallic materials [10-12]. It has already been predicted 
that the mechanical properties of some grain-refined zinc alloys have potential application in 
mining industry [6]. Moreover, the grain-refined die cast zinc alloys probably deliver better precise 
dimensional tolerance compared with other aluminium/magnesium die cast alloys [4], which is 
significant for the precision manufacture. However, there are few efficient grain refiners well 
developed for cast zinc and its alloys. The relationship, between grain refinement and tensile 
properties, also remains unclear in cast Zn alloys. 
      Although some other technologies, i.e. alloying manipulation and work hardening, can improve 
the strength to some extent; however, toughness and ductility, as two major safety parameters for 
engineering alloy design, usually have to be sacrificed. Normally, there are two methods, i.e. 
dynamic nucleation [13] and inoculation [8], to grain refine cast metals. Through fast cooling and 
localized convection, the former one can produce substantial secondary nucleus. The latter one is 
widely used in industry, which can be achieved through addition of effective grain refiners into 
liquid metal. When a critical undercooling is achieved, the potential nucleant particles, released 
from grain refiner or in-situ formed, can promote grain refinement by enhanced heterogeneous 
nucleation [14-18]. The inoculation method will be used in the thesis. Additionally, the current 
grain refining theories/models are mainly developed in light metals/alloys. Whether such 
theories/models can be directly used in cast zinc alloys still needs to be revisited. 
1.2 Objectives and thesis outline 
      Current grain refiners and associated theories/models are mainly focused on light metallic 
materials, including aluminium, magnesium, titanium and their alloys. There is few grain refiners 
developed for cast zinc. Both the strengthening mechanism and the grain refining mechanism of 
cast zinc also need to be investigated. Therefore, the major objectives of this PhD project are to 
develop potent grain refiners for cast zinc, to investigate the relationship between grain refinement 
and tensile properties, and to study the relevant grain refining mechanisms in cast zinc alloys. 
Specifically, these major objectives can be achieved through following tasks/strategies: 
 To design and test novel effective grain refiners (or master alloys) for cast zinc using the 
current theories/models that were developed in light metals/alloys. 
 To investigate the effect of different solute elements on the grain refinement of cast zinc. 
o Add peritectic-forming solute elements, Ag and Cu, into cast zinc melts, respectively. 
o Add eutectic-forming solute elements, Mg and Al, into cast zinc melts, respectively. 
 To investigate effect of grain refinement on tensile properties of cast Zn alloys. 
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o Determine the Hall-Petch equation in different cast Zn alloys. 
o Distinguish and quantify the individual contribution of grain refinement and solid 
solution to tensile properties of cast Zn alloys. 
o Determine the intrinsic friction stress of cast pure Zn. 
 To study the grain refining mechanisms in terms of different potent grain refiners. 
o Characterize microstructures of grain-refined cast Zn alloys, using polarized optical 
microscope (OM), scanning electron microscopy (SEM), X-ray diffraction (XRD), 
electron probe microanalysis (EPMA), focus ion beam (FIB) and transmission 
electron microscopy (TEM). 
o Study crystallography of grain refinement in cast Zn alloys. 
 Determine the crystallographic orientation relationships (ORs), between 
nucleant particles and metal matrix, using electron backscattered diffraction 
(EBSD) and convergent beam Kikuchi line diffraction pattern (CBKLDP) 
technique. 
 Calculate the crystallographic matching and verify the experimentally 
determined ORs, using both the E2EM model [16, 19] and a Euler-based 
numerical method [20]. 
o Elucidate the role of different solute elements in the grain refinement of cast Zn at 
different addition levels, using nucleation crystallography, free growth model and 
the Interdependence theory. 
 To conclude the key criteria that govern the overall grain refining efficiency of cast Zn 
alloys. 
To thoroughly achieve these objectives proposed, the PhD thesis comprises nine chapters as 
follows: 
Chapter 1 (a) introduces cast Zn, Zn alloys and research background, and (b) outlines the major 
objectives and thesis framework, which implies the significance of grain refinement in cast Zn 
and Zn alloys.  
Chapter 2 reviews (a) the fundamental theories/models of grain refinement and (b) the 
relationship between grain refinement and tensile properties. 
Chapter 3 elucidates the experimental methodologies that are used throughout the PhD project. 
These methodologies consist of casting procedure, thermal analysis, differential thermal 
analysis, microstructural characterization, ORs’ determination and verification, and FIB-TEM 
sample preparation for the ion beam-sensitive zinc alloys.  
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Chapters 4-8 present both experimental investigation and theoretical analysis with five 
publications, which include critical introduction, experiments, results, discussion and 
conclusions. These publications, based on the original work carried out during PhD candidature, 
clearly show that: (a) how the PhD project was carried out?; (b) how the experimental results, 
combined with theoretical investigation, contribute to achieving major objectives. Moreover, it 
must be stated that this format of PhD thesis fulfils the academic policy of The University of 
Queensland. 
Chapter 9 summarizes the overall outcomes and conclusions involved in the PhD project, which 
contributes to understanding (a) the development of novel grain refiners for cast Zn; (b) the 
effect of grain refinement on tensile properties of cast Zn alloys; (b) the grain refining 
mechanisms of cast Zn through different alloying elements’ inoculation. Then, this chapter 
further suggests some potentially valuable research topics for future work. The future work is 
expected to (a) advance the scientific knowledge of grain refinement, and (b) formulate key 
criteria to develop potent grain refiners for other non-ferrous cast metals/alloys. 
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Chapter 2 Literature Review 
      Grain refinement is widely applied in research and industry. Not only does it simultaneously 
improve the strength and ductility of metallic materials, but it also enhances the chemical and 
structural uniformity of cast and wrought products. Grain refinement can be achieved through 
controlling solidification and/or solid-state processes. Adding grain refiners is one of the most 
widely used grain-refinement techniques in castings. In this chapter, the current progress in the 
grain refinement of cast Zn and its alloys is described, and the relationship between grain 
refinement and tensile properties is also concisely reviewed. Then, the characteristics of effective 
grain refiners are interpreted from four aspects: effective substrate-matrix wetting configuration, 
sufficient powerful segregating elements, preferential crystallographic matching, suitable size 
distribution and particle morphology. Further, the fundamental knowledge about nucleation and 
growth in grain refinement is briefly introduced. This chapter also summarises current theories on 
the mechanism of grain refinement in cast metals, including peritectic reaction, peritectic hulk 
theory, duplex nucleation, hyper-nucleation, heterogeneous nucleation, solute paradigm and etc. 
Finally, the recent developments in both the modelling and crystallography of grain refinement are 
reviewed, respectively. 
2.1 Grain refinement of cast Zn and Zn alloys 
      Currently, there is little work reported exclusively on the grain refinement of cast zinc and its 
alloys. Pollard et al. [21] studied the grain refinement of zinc-aluminium alloys (containing 7 - 24 
wt.% Al) by Ti. It was found that the effective grain refinement of а-Al was attributed to the 
occurrence of the small cubic particles as heterogeneous nucleation sites. Electron probe 
microanalysis (EPMA) indicated that these cubic particles were actually Al5Ti2Zn with a = 3.99±
0.04 Å. Approximate calculation shows that the number of Al5Ti2Zn nucleant particles is in the 
order of 108/cc. In fact, this method is used to grain refine Al matrix instead of Zn matrix. 
       Using thermal analysis, metallography and EPMA, Leone et al. [22] investigated the grain 
refining mechanism of Zn-Ti and Zn-Ti-Cu alloys, respectively. Experimental results suggest that it 
is the Zn-Ti-O particles that actually serve as heterogeneous nucleation sites in liquid melt. 
Combining the results from EPMA and the available literatures, the Zn-Ti-O particles were 
accurately identified to be spinel oxide (Zn2TiO4). However, the addition of 1 wt.% Pb into Zn-Ti 
base alloy decreased the grain refining efficiency [22]. The question of whether this poisoning 
phenomenon is caused by the reduction of Zn2TiO4 particles due to Pb, remains unclear. Other grain 
refiners for Zn alloys are Al3Ti/Zn3Ti through the addition of a Ti-Al-Zn master alloy [23], but 
these reported grain refiners are not very efficient for cast Zn. In addition, Pb is not environmentally 
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friendly and the grain refiners are uneconomic. Therefore, novel potent grain refiners should be 
developed and the theoretical investigation also needs to be progressed. 
2.2 Grain refinement vs. tensile properties 
      The understanding of strengthening mechanisms is important in the development of the novel 
metallic materials with enhanced mechanical properties. Currently, there is little research on the 
relationship, between grain refinement and mechanical properties, in cast Zn alloys [24-26]. The 
mechanical properties (in particular tensile properties) and related strengthening mechanisms have 
already been studied in Al alloys [27-29], Mg alloys [30-34], steel [35] and etc. The strengthening 
mechanisms, developed in these alloys, include grain refinement [36, 37], solid-solution [38, 39], 
precipitation [34, 40], dispersion [41] and strain/work hardening [42, 43]. However, few such 
investigations have been conducted in relation to cast zinc and its alloys [44]. The PhD project 
focuses only on grain-refinement strengthening and solid-solution strengthening. This is because the 
contents of all target solute elements (Mg, Al, Ag and Cu) are below their individual maximum 
solid solubilities in Zn, and there are no precipitates present. 
      The combined effects of two major strengthening components, grain-refinement and solid-
solution, on yield strength can be described as follows [45]: 
σp = σo + kH-Pd
 -1/2 + kssc
 n                                                   (2.1) 
in which σp (MPa), σo (MPa), kH-P (MPa·m
1/2), kss (MP(at.)
-n), d and c are designated as 
experimental yield stress, intrinsic friction stress, Hall-Petch (H-P) coefficient, solid-solution 
coefficient, grain size and solute concentration, respectively. n is selected to be 1/2 ~ 2/3. 
According to the Hall-Petch effect [36, 37], the smaller the d value becomes, the more grain 
boundaries are introduced to restrict dislocation motion. Normally, the yield stress and hardness of 
polycrystalline metals increase with reducing grain size [46, 47] (except some nano-crystalline 
metals [48]). However, the yield stress of a peak-aged Mg-10wt.% Y alloy shows very weak grain 
size-dependence [31]. Whether the developed potent grain refiners can effectively improve the 
mechanical properties of cast zinc alloys is unclear. The internal stress in the solid-solution is 
attributed to the interstitial atoms [49, 50]. For HCP metallic materials, the influence of soli-
solution strengthening on the basal plane ({0001}) principally controls the yield strength, while that 
of solid-solution softening on the prismatic plane ({101̅0}) controls the flow stress [45]. Through 
experiments and modelling, three basic questions will be answered in the thesis, including (1) how 
to distinguish and quantify the contributions of grain-refinement strengthening and solid-solution 
strengthening on yield strength?; (2) what are the empirical relationships between yield strength, 
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grain size, solute content and intrinsic friction, in the grain-refined cast zinc alloys?; (3) what is the 
fractographic behaviour in grain-refined cast zinc alloys? 
2.3 Characteristics of effective grain refiners 
2.3.1 Effective substrate-matrix wetting configuration 
      The wetting of grain refiners by liquid metal is associated with physical chemistry (wettability), 
statistical physics, long-range forces and fluid dynamics [51], which will influence the nucleation of 
matrix metal grains. For heterogeneous nucleation events, a favourable wetting configuration 
between liquid, substrate and nuclei is essential to obtain sufficient catalytic stimulation for 
nucleation [52], as shown in Fig. 2.1. In a steady state, the balance of forces imposed at a triple 
conjunction should satisfy 𝛾𝑛𝑙⃗⃗ ⃗⃗  ⃗+ 𝛾𝑠𝑛⃗⃗ ⃗⃗  ⃗ + 𝛾𝑠𝑙⃗⃗⃗⃗  ⃗ = 0, in which 𝛾𝑛𝑙⃗⃗ ⃗⃗  ⃗, 𝛾𝑠𝑙⃗⃗⃗⃗  ⃗ and 𝛾𝑠𝑛⃗⃗ ⃗⃗  ⃗ are the interfacial energy 
between liquid and nuclei, the interfacial energy between liquid and substrate, and the interfacial 
energy between nuclei and substrate, respectively. 
 
Fig. 2.1 Illustration of the wetting configuration between liquid metal, substrate and nuclei. 
      At a certain wetting angle, the evolution of these forces may enhance or impair nucleation. If the 
wetting angle is too large, the catalytic efficiency is reduced. A strong positive interaction between 
wetted substrate and forming nuclei may produce a small substrate-matrix contact angle [53, 54]. 
Strong reaction and dissolution could also take place on the condition that the wetting angle is close 
to zero [54]; however, it would suppress the active lifetime of the substrate (or particle). Further, 
this will effectively decrease the activation energy barrier for nucleation. In order to beneficially 
reduce the total interfacial energy between the substrate and nuclei, a favourable wetting 
configuration needs to fulfil 𝛾𝑠𝑙⃗⃗⃗⃗  ⃗ > 𝛾𝑠𝑛⃗⃗ ⃗⃗  ⃗. A nucleation event can be catalysed when the bonding of the 
nucleus matches well with that of the substrate, because such matching reduces the interfacial 
energy 𝛾𝑠𝑛⃗⃗ ⃗⃗  ⃗ [53, 54]. Normally, metal melts do not effectively wet and nucleate on the substrates 
with covalent or ionic bonding [54]. However, it has recently been reported that Mg grains can 
nucleate on ionic MgO particles [55]. 
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2.3.2 Sufficient powerful segregating elements  
      Because of non-equilibrium solidification, solute segregation always unavoidably occurs during 
casting. Johnsson is probably the first to systematically elucidate the solute effect on grain 
refinement [56]. He concluded that both nucleant particles and segregating elements are essential to 
generate effective grain refinement. Solute segregation contributes to grain refinement from two 
perspectives. One is the constitutional supercooling (CS), which provides additional driving force 
for new nucleation in the CS zone. Another is the segregating solute, in front of the solid/liquid 
interface, which restricts growth of the previously-formed grains. However, Johnsson did not reveal 
how the nucleant particles are selected as nucleation sites. Easton, StJohn, Lee and Tamirisakandala 
conducted much work to investigate solute effect on the grain refinement of cast Al, Mg and Ti, 
respectively [57-61]. The effect of solute elements on grain refinement is normally quantitatively 
characterised using a parameter named as growth restriction factor (Q). The Q value can be 
approximated by ∑ 𝑚𝑖𝑐𝑜,𝑖(𝑘𝑖 − 1) 𝑖 , where 𝑚𝑖 is the slope of liquidus, 𝑐𝑜,𝑖 is the initial concentration 
of each element (assumed to be 𝑖 elements in total) and 𝑘𝑖 is the partition coefficient. 
      It can be seen in Fig. 2.2 that, at low solute concentration, the as-cast microstructure is columnar 
and the thermal-controlled columnar growth dominates. As the solute concentration increases, the 
thermal-controlled columnar growth will be transitioned into diffusion-controlled equiaxed growth. 
Further increasing solute contents reduces the dendrite tip radius. If the dendrite tip radius is 
eventually decreased to a critical value, the capillary effect dominates gradually and then the growth 
rate increases, which may impair equiaxed grain growth [62]. This phenomenon, in terms of the 
solute effect on grain refinement, agrees well with the work by Kurz and Fisher [63] and Rappaze 
[64]. 
 
Fig. 2.2 Schematic graph showing how the constitutional range affects grain growth. The solute 
concentration decreases to the right in the figure, adapted from Ref. [62]. 
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2.3.3 Preferential crystallographic matching 
      The lattice disregistry, between an embryo and a substrate, causes dislocation as indicated in Fig. 
2.3. If there is no reaction existing at the interface, both embryo and substrate will steadily preserve 
their individual lattice structures [65]. If the dislocation is quite small, the embryonic lattice is then 
able to coherently match the substrate lattice through metallic bonding, which is termed as elastic 
strain. Unfortunately, the presence of elastic strain will produce an energy barrier that must be 
overcome during nucleation. So, a low lattice disregistry between embryos and substrates can 
promote nucleation. Glicksman and Childs’ work [53] implies that: (a) lattice matching will 
influence nucleation catalysis, and (b) metallic substrates seem to be more potent than non-metallic 
substrates. Similarly, the studies on ductile iron by Skaland [66] concluded that, in facilitating 
heterogeneous nucleation, the potency of a nucleation substrate depends on the lattice disregistry 
between nucleation substrate and nucleated solid. Marcantonio et al. [67] found that the nucleation 
undercooling goes up with increasing lattice misfit. Bramfitt’s systematic study [18], in terms of 
how the undercooled liquid iron nucleates on the nitride- and/or carbide compounds, shows that the 
potency of compound particles as nucleation sites is associated with the lattice disregistry between 
compound particle and iron matrix. In many other cases investigated during solidification, the 
disregistry from phase A to phase B is larger/smaller than that from phase B to phase A, because 
nucleation is considered to be unidirectional [68]. All these works raise the question of how the 
crystallographic matching affects nucleation. There are three major geometrical models developed 
to quantify such crystallographic matching, including linear disregistry [69], planar-on-planer 
matching [18] and edge-to-edge matching (E2EM) [16, 70]. Based on the theory of crystallographic 
matching, many grain refiners were theoretically predicted and experimentally verified (see Refs. 
[19, 70-79]). 
 
Fig. 2.3 The embryo nucleating on an inert crystalline substrate with some lattice disregistry, 
adapted from Ref. [65] 
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2.3.4 Geometrical features of potent nucleants 
      The model developed by Maxwell and Hellawell, explaining grain refinement in aluminium-
based peritectic alloys [80], indicates that not all the nucleant particles (present in liquid melts) can 
become activated. This is attributed to (a) the latent heat released from surrounding growing grains 
and (b) the geometrical features of nucleant particles, which counteract the undercooling for 
subsequent grain initiation [15, 80-83]. It is hard to control the latent heat during solidification. 
However, the geometrical features can be partially controlled through manipulating solidification 
conditions. The geometrical features of potent nucleant particles usually include particle size, size 
distribution and morphology. Regarding the effect of geometrical features on grain refinement, 
Tronche and Greer’s work [84, 85] shows that nucleant particles with an average diameter ~ 2µm 
are most effective as nucleation sites (see Fig. 2.4). Likewise, Qian et al. [86] found that the size of 
major active nucleant particles (Zr) in Mg is 1 ~ 5 µm. Qiu’s work [17] suggested that the effective 
grain refinement of cast Mg-10wt.% Y alloy occurred when the size of active Al2Y nucleant 
particles lies between 6 and 6.5 µm. 
    
Fig. 2.4 (a) The solid bold curve shows the free-growth undercooling (∆𝑇𝑓𝑔) available to induce 
grain initiation, and the dashed bold line shows the critical undercooling (∆𝑇𝑛) required for 
nucleation [85]. (b) The size distribution of TiB2 nucleant particles in a commercial Al-5Ti-1B 
grain refiners [85]. Inset (i) indicates the classical spherical cap model for heterogeneous 
nucleation. Inset (ii) shows a cap-shape grain of α-Al nucleating and growing on a TiB2 particle 
with a critical hemispherical dimension. 
In addition, it has been well documented that only 1 ~ 2% of the potent nucleant particles contribute 
to grain refinement of aluminium alloy [85, 87] or magnesium alloy [17]. This percentage, 1 ~ 2%, 
remains almost constant, although the amount of particles introduced into liquid metal increases 
[88]. Even by increasing the cooling rate, the percentage can be only improved up to ~ 4% [89]. 
The free growth model developed by Greer et al [15, 85] is a recent breakthrough towards 
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understanding this problem. The correlation, between the free growth undercooling (∆𝑇𝑓𝑔) and the 
nucleant particle size (d), can be described as [85]: 
                                                      ∆𝑇𝑓𝑔 =
4𝜎
∆𝑆𝑣∙𝑑∗
                                                                   (2.2) 
in which 𝜎 is the solid/liquid interfacial energy and ∆𝑆𝑣 is the fusion entropy. Whether ∆𝑇𝑓𝑔 can be 
considered as the critical undercooling (∆𝑇𝑛) for nucleation depends on which one is larger. If the 
particle diameter is less than 1µm, it may readily dissolve into liquid metal or hardly be activated. 
However, this point is actually controversial, because some nanoscale particles (5 ~ 20 nm) have 
recently been found to act as nucleation sites [90]. On the other hand, significant grain refinement 
will not be expected if the particle diameter is too large, because the number density of particles 
decreases a lot. Basically, the Turnbull criterion (𝑑 ≥ 2𝑑∗) determines a minimum size of the potent 
flat nucleant particles [91]. Additionally, Lazaridis et al.’s model [92], in terms of the nucleant 
particles with non-uniform morphology, predicted that the conventional uniform model 
underestimates the nucleation rate at several orders. For the effect of particle morphology on grain 
refinement, the current proven potent nucleant particles, observed in Al, Mg and Zn alloys, are 
found to possess a morphology of facet [93], disk [94], spherical [91] or dendrite [95]. Li and 
Easterling concluded that the disk or needle-shaped particles provide greater pinning resistance (to 
migrating grain boundaries) than those with spherical shape [94]. Earlier TEM investigation of the 
grain-refined specimens by Saha [96] showed that it is only the faceted Zr that can act as effective 
nucleation site for Mg grains.  
2.4 Nucleation and growth in grain refinement 
      The transformation of a metal or alloy between crystalline and non-crystalline states can be 
approached through solidification [97]. Grain nucleation and growth, which govern the kinetics of 
many phase transformations (PTs) [98], are the fundamentals of solidification in grain refinement [9, 
99, 100]. During solidification, the structural fluctuation, energy fluctuation, constitutional 
fluctuation and metastable structure present in a solidification system are closely associated with the 
nucleation and growth of new grains [54, 100-104]. Other variables, such as thermal undercooling, 
constitutional supercooling (or undercooling), kinetic undercooling and curvature undercooling, 
will affect the degree of grain refinement [105]. The grain size obtained after solidification is 
decided by the competition between initial nucleation and latter growth [9, 106, 107]. This section 
will present the nucleation and growth in grain refinement from three perspectives, including (a) 
classical nucleation theory, (b) heterogeneous nucleation models, and (c) grain growth and 
constitutional supercooling. 
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2.4.1 Classical nucleation theory 
      Classic nucleation theory [99] indicates that the Gibbs free energy difference for PT can be 
approximated by 
 ∆G = −V∆Gv + (Aslγsl + Asnγsn − Asnγnl) + V∆Gs                                 (2.3) 
−VGv is associated with the volume of a new phase, which positively contributes to the reduction in 
free energy and, thus, the increase in thermodynamic driving force. However, due to the creation of 
a new surface area (A) with a particular interfacial energy (γ), the second term (in brackets) will 
counteract the free energy reduction. Asl, Asn and Anl are for the interfacial area of solid/liquid, 
solid/nucleant and nucleant/liquid interface, and γsl, γsn and γnl are for the corresponding interfacial 
energy. During solidification of grain refinement, the interfacial contact usually occurs between 
metal matrix and heterogeneous nucleation sites, i.e. foreign particles or mould surfaces [59, 108]. –
VGs is related to the strain energy resulting from volume misfit. In the solidification process, −VGs 
can be neglected since there is no solid-solid phase transformation involved [99, 109]. The 
reduction in bulk Gibbs free energy (∆G) is the intrinsic driving force for solidification. 
Consequently, both interfacial energy and thermodynamic driving force must be considered when 
investigating grain refinement. Besides, it has long been recognised in Al, Mg, Ti and Fe castings [9, 
110-112] that both particles and solute are essential in grain refinement. Actually, these two factors 
are closely related to nucleation and growth, which leads to an increase in |∆G| (or driving force). 
      Latent heat will be released as nucleation progresses. If the number of growing grains increases 
to a critical value, the accumulated latent heat may slow down the heat extraction from inside to 
outside of the ingots. In this situation, further nucleation will be stifled due to excess latent heat. 
However, the nucleation rate will be increased, if the excess latent heat is extracted appropriately. 
Therefore, grain refinement can be generated through suitably controlling the solidification process. 
Homogeneous nucleation and heterogeneous nucleation coexist in the solidification process of cast 
metals, but heterogeneous nucleation is normally the dominant part leading to grain refinement. 
According to the classical nucleation theories, there is no foreign surface (or site) in contact with 
liquid metal during homogeneous nucleation. At a given temperature below Tm, the free energy of a 
system will be changed after some liquid metal atoms agglomerate to form a solid. 
      However, for heterogeneous nucleation, foreign substrates (or surfaces) are involved when the 
solid forms from liquid metal. Basically, there are two types of grain refiners acting as nucleation 
substrates shown in Fig. 2.5. One is the inert substrate without communication with the nuclei, but 
preferential crystallographic relationships exist between this kind of substrate and nuclei to promote 
nucleation. The other type is the reactive substrates which react with nuclei through chemical 
12
 
 
reaction or atomic diffusion. If the substrates are reactive with the nucleus when solidifying, 
reactive substrates simultaneously serve as structure templates and reactants, i.e. peritectic-based 
nucleant particles. 
 
Fig. 2.5 Cap-shaped solid with a radius of  𝑟∗ nucleates on (a) an inert substrate and (b) a reactive 
substrate respectively, which is surrounded by the undercooled liquid. For the inert substrate, there 
is no ‘communication’ between the substrate and nuclei. Other parameters can be found in Eqs. 
2.3-2.8. 
Specific mathematical description [63, 97, 113] is expressed as follows:  
∆𝐺(𝑟)ℎ𝑜𝑚 = −
4
3
𝜋𝑟3∆𝐺𝑣 + 4𝜋𝑟
2𝛾𝑠𝑙 =
16𝜋𝛾𝑠𝑙
3
3∆𝐺𝑣
2                                 (2.4) 
∆𝐺(𝑟)ℎ𝑒𝑡−𝑡𝑜𝑡𝑎𝑙
∗ = ∆𝐺𝑣𝑉𝑠 + 𝛾𝑠𝑙𝐴𝑠𝑙 + (𝛾𝑠𝑙 − 𝛾𝑛𝑙)𝐴𝑛𝑠                            (2.5) 
∆𝐺(𝑟)ℎ𝑒𝑡−𝑛𝑜𝑛𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒
∗ =
16𝜋𝛾𝑠𝑙
3
3∆𝐺𝑣
2 ∙ 𝑓(𝜃) =
16𝜋𝛾𝑠𝑙
3
3∆𝐺𝑣
2 ∙
(2+𝑐𝑜𝑠𝜃)(1−𝑐𝑜𝑠𝜃)2
4
               (2.6) 
        ∆𝐺(𝑟)ℎ𝑒𝑡−𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒
∗ =
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(2+𝑐𝑜𝑠𝜃1)(1−𝑐𝑜𝑠𝜃1)
2
4
           (2.7) 
𝑟ℎ𝑜𝑚
∗ = 𝑟ℎ𝑒𝑡
∗ =
2𝛾𝑠𝑙
∆𝐺𝑣
= −
2𝛾𝑠𝑙𝑇𝑚
𝐿𝑣∆𝑇
∝
1
∆𝑇
                                          (2.8) 
where 𝑉𝑠 and 𝑉𝑙 are the volume of solid and liquid, respectively; ∆𝐺𝑣 is the free energy change per 
unit volume; 𝐴𝑠𝑙, 𝐴𝑛𝑠 and 𝐴𝑛𝑙 are the solid/liquid, nucleant/solid, and the nucleant/liquid interfacial 
areas; 𝛾𝑠𝑙, 𝛾𝑛𝑠  and 𝛾𝑛𝑙  are corresponding interfacial energy change per unit area; 𝜇 is the volume 
ratio between nucleant and solid; 𝐿𝑣 represents the latent heat of fusion per unit volume; and 𝑇𝑚  is 
the melting temperature. 𝜇 is related to a Pilling-Bedworth coefficient [114], 𝑟∗ is a critical value 
where the total free energy (∆𝐺(𝑟)ℎ𝑜𝑚/ℎ𝑒𝑡) is maximised, and other variations are shown in Fig. 2.5. 
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The free energy can be lowered by growth when 𝑟 > 𝑟∗, as the volume free energy increases faster 
than the interfacial free energy. Thus, the embryo can survive only under the condition that the 
radius of a solid embryo is ≥ 𝑟ℎ𝑜𝑚
∗ . The smaller the 𝑟ℎ𝑜𝑚
∗  value is, the larger the driving force 
required. For the latter one, the nucleation energy barrier (∆𝐺∗) could be reduced with increasing 
(θ1+θ2) [114]; however, the nucleation rate (𝐼) varies since 𝐼 is a multiparameter-dependent factor, 
as expressed as Eq. 2.9. 
𝐼 = Kexp (
−∆G∗
𝑘𝑇
) ∙ exp (
−Q
𝑘𝑇
) = Kexp (
−16πσ3𝑇𝑚
2
3𝑘𝑇(𝐿𝑣∙∆𝑇)2
) ∙ exp (
−Q
𝑘𝑇
)                        (2.9) 
where 𝐾 is a constant, ∆𝐺∗represents nucleation energy, 𝑄 denotes the diffusion activation energy 
for atoms to pass the solid/liquid interface, 𝑘 is a Boltzmann coefficient, and T is thermodynamic 
temperature. The definition of other parameters can be found in Eqs. 2.3-2.9. Furthermore, some 
other models for heterogeneous nucleation have also been developed, such as the patch nucleation 
theory by Turnbull [53], the adsorption model by Sundquist [115, 116] and the wetting model by 
Maxell-Hellawell [80], which are discussed in section 2.4.2. 
 2.4.2 Heterogeneous nucleation models 
      In 1952, Turnbull proposed that a substrate with an appropriate surface can promote the 
nucleation of a solid nucleus [69, 117], which is termed as heterogeneous nucleation. 
Heterogeneous nucleation theory elucidates how a solid grain effectively forms on a nucleation 
substrate. In grain refinement, most solidification is associated with heterogeneous nucleation. The 
more nucleation substrates are present, the more nucleation events can be generated, further 
resulting in grain refinement. Most heterogeneous nucleation models are proposed based on the 
nucleation on a substrate. Some representative models are summarised in Fig. 2.6.  
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Fig. 2.6 Schematic illustration of various models proposed for the heterogeneous nucleation on 
different potent substrates (adapted from Refs. [91, 118]): (a) Turnbull’s patch model, nucleation 
occurs on a flat particle [117]; (b) Fletcher’s convex substrate model, embryo 2 nucleates on 
particle 3 in liquid metal 1 [119]; (c) the concave substrate model, nucleation occurs on a concave 
particle [102]; (d) Sundquist’s adsorption model, nucleation starts from an adsorbed layer of atoms 
on a potent flat particle [102, 116]; (e) Maxwell-Hellawell’s model, combining the spherical-cap 
model and the wetting on a faceted particle [80, 91]; (f) the solid-wettable spherical substrate 
model, a uniform layer of condensed liquid film/drop forms on a wettable spherical particle [120]; 
(g1)-(g3) Fan’s epitaxial model (see details in the text), nucleation starts from an epitaxial growth 
of a pseudomorphic atomic layer on the potent nucleant particles [118, 121]. 
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      According to the classical flat particle model, the minimum values for substrate surface and 
particle size (d) should reach π(r*sinθ)2 and 2r*sinθ, respectively (see Fig. 2.6a). r* is designated as 
the critical nucleus radius and r represents the radius of a growing nucleus. Theoretically, any flat 
particles, with a d value fulfilling 2r*sinθ < d < 2r*, can still serve as nucleation sites. However, the 
nucleus nucleating on these particles are unable to grow into a grain [117]. Such particles and those 
with d values slightly larger than 2r* are named as patches by Turnbull [117]. If d is larger than 2r*, 
any nucleus (initiating on the patches with r > 2r*sinθ) can survive and grow into supercooled 
liquid metal to form a solid grain. On the contrary, if d is smaller than 2r*, the crystal nucleus 
cannot turn into a transformation nucleus even though it grows to the patch boundary, because any 
further growth along the normal of the surface decreases curvature [117]. Therefore, a critical 
condition, d = 2r*, is derived [85] for the nucleus to survive and become grains. By substituting Eq. 
2.8 into d = 2r*, it gives the expression [91] as follows 
 𝑑 = 4𝛾𝑠𝑙𝑇𝑚
𝐿𝑣∆𝑇
                                                                 (2.10) 
All parametric definition in Eq. 2.10 can be found in section 2.4.1. For a given nucleating system, 
the minimum/maximum undercooling available in the melts is fixed. Further, the size range of 
activated nucleant particles is able to be defined using Eq. 2.10. Eq. 2.10 provides the same 
criterion as a free growth model [85]. Using a shape factor f(m, x) [119], Fletcher studied the 
particle size effect on nucleation rate (see Fig. 2.6b).  
𝑓(𝑚, 𝑥) = 1 + (
1−𝑚𝑥
g
)
3
+ 𝑥3 {2 − 3 (
𝑥−𝑚
g
) + (
𝑥−𝑚
g
)
3
} + 3𝑚𝑥2 (
𝑥−𝑚
g
− 1)           (2.11) 
where m = consθ, x = d/r* and g = (x2-2mx+1)1/2. The minimum convex particle size can be 
approximated using dmin = r*sinψ/sinφ. Compared with the f(θ) in Eq. 2.6,  f(m, x) is another form 
of f(θ) but with more detailed consideration. f(θ) and f(m, x) are calculated based on flat and 
spherical particles, respectively. Similarly, the effect of other particle morphologies, i.e. concave 
(Fig. 2.6c), faceted (Fig. 2.6e) and spherical (Fig. 2.6f), on nucleation can be discussed through 
different shape factors. Although various heterogeneous substrate models are proposed for 
nucleation, it must be emphasised that the wetting angle (θ) is essential in all such models.  
      However, these criterion/models, developed based on wetting angle (θ), are not applicable for 
small θ [115]. As an extreme situation (θ = 0o), the formation of a spherical nucleus on potent 
particles is not physically-favourable [115, 118]. To solve this problem, Chalmers proposed [102] a 
hypothesis that, at the earliest stage of nucleation, a monolayer of atoms (occupying the particle 
surface) is essential for follow-up grain initiation [102]. This hypothesis, called adsorption model 
(Fig. 2.6d), was then experimentally-verified by the nucleation of Al on a monolayer of TiAl3 [71] 
and the nucleation of Si on a monolayer of AlP [115, 122]. Chalmers did not give an accurate 
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description of the atomic interaction across the nucleation interface between nucleus and particle. 
An analytical epitaxial model (Fig. 2.6g), developed by Fan [118], shows that: (a) a 
pseudomorphous solid (PS) layer exists between solid and substrate: (b) the elastic strain energy in 
the PS layer is overcome through misfit dislocation. In addition, effects of the solute segregating at 
the nucleation interface are also evaluated [123]. Recently, Fan’s epitaxial model was 
experimentally verified using high resolution transmission electron microscope (TEM) [121]. 
2.4.3 Grain growth and constitutional supercooling 
      Three alloy parameters, i.e., supercooling parameter (P), growth restriction factor (Q) and 
freezing range (∆T), have been widely used to analyse effects of constitutional supercooling (CS) 
on as-cast microstructures, as shown in Fig. 2.7. P is the equilibrium freezing range of an alloy 
[124], and designated as P = mco(k-1)/k in which m and k are treated as constants. The term, P, was 
firstly derived by Tiller et al. [125] when studying the criterion of constitutional supercooling. Then, 
it was denoted as a supercooling parameter (P) by Spittle and Sadli [110] to investigate the grain 
refinement of binary Al alloys. Grain size of some Al alloys was found to be significantly 
dependent on the P value [110]. The growth restriction factor (Q), mco(k-1), was originally derived 
by Maxwell and Hellawell [80] from the approximation of a diffusion equation for spherical 
precipitates [125]. Based on the Q value (equal to 1/X in Ref. [80]), they developed a model to 
predict the grain size. m, co and k represent the liquidus gradient, the concentration of bulk liquid, 
and equilibrium partition coefficient, respectively. Then, Q was formally termed as the growth 
restriction parameter by Greer et al. [15] when modelling the inoculation of metallic melts. Easton 
and StJohn [126] developed a mathematical definition for the Q value, and named it as the growth 
restriction factor. Hellawell et al. [127] correlated the Q value to the amount of CS available during 
solidification. However, Easton and StJohn [126] found it was actually the P value that can 
characterise the amount of CS. Thereafter, many new theories [9, 126, 128-130] in terms of grain 
formation, grain size prediction and/or grain refinement, were established based on the Q value.  
      Quested et al. [124] found a geometrical illustration for P and Q values on a linear binary phase 
diagram, but limited to the dilute alloy system. For the calculation of the Q value in multi-
component alloys, Mitrašinović and Hernández [131] proposed a quasi-binary equivalent method. 
Qested et al. [82] and Schmid-Fetzer et al. [132] combined the CALPHAD method and the 
thermodynamic software package to calculate complex systems, respectively. Growth restriction 
factor (Q), as an effective parameter to characterise the solute effect on changing grain size, is 
widely used to explore the grain refinement of cast/wrought alloys, i.e., Mg-Al(-Mn) alloys refined 
by SiC [77], Al alloys refined by Al-Ti-B master alloy [57], Ti alloys refined by Si/Be [112, 133, 
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134] and Mg refined by Zr [60]. The mechanisms of these experimental results were mainly 
explained using the Q-value model. For dilute alloys, the current calculation method of the Q value 
is valid since the freezing range is intact and the phase diagram can be treated linearly. However, 
whether the current method for calculating P and Q values can be extended into non-dilute alloys, 
i.e. solute concentration beyond maximum solubility (Cm), needs to be revisited. 
      The geometrical calculation of P, Q and ∆T values is shown in Fig. 2.7 [135]. For a given alloy 
with solute concentration below the maximum solubility (Cm), P value reaches the maximum once 
the steady-state growth starts. Thus, P is actually equal to the total amount of constitutional 
supercooling that can be generated during the solidification process [126]. Alternatively, Q was also 
defined as Q=d∆Tc/dfs|fs=0 by Easton and StJohn [126] in which Tc is constitutional supercooling and 
fs is fraction solid. Q is an appropriate parameter to characterise the development of a CS-zone at 
the earliest stage of grain growth. The larger the Q value is, the more rapidly the CS-zone can be 
formed. Abdel-reihim et al. [136] correlate ∆T between liquidus and solidus to the time delay 
necessary for the nucleant particles to become effective. The longer the time delay is achieved, the 
more potential nucleant particles function as crystallisation centres [136].  
 
Fig. 2.7 Illustration of how to calculate the effective P, Q and ∆T values in peritectic and eutectic 
systems, respectively [135], for (a) Co<Cm, peritectic system; (b) Cm<Co<Cpe, peritectic system; (c) 
Co<Cm, eutectic system; (d) Cm<Co<Ceu, eutectic system. 
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      Within the freezing range (∆T), some basic assumptions [125] are made: (a) solute diffusion in 
the solid is ignored; (b) the liquidus and solidus are treated to be linear; and (c) the convection 
effect is negligible. Using Fick’s second law, the solute flux in the volume element under one-
dimensional condition is given by Eq. 2.12.  
𝐷𝐿
𝑑2𝐶𝐿
𝑑𝑥2
+ 𝑣
𝑑𝐶𝐿
𝑑𝑥
=
𝑑𝐶𝐿
𝑡
                                                     (2.12) 
Boundary conditions include CL|x=0=Co/k and CL|x=∞=Co. In Eq. 2.12, DL, v and CL represent the 
diffusion coefficient, the growth velocity and the distribution of solute concentration in front of the 
solid/liquid (S/L) interface, respectively. As the solidification is assumed to be under steady state, 
the term on the right of Eq. 2.12 equals zero, which means the gradient of solute concentration will 
not change with time. By substituting the boundary conditions into Eq. 2.12, Tiller et al. [125] 
derived the profile of solute distribution ahead of the S/L interface. 
𝐶𝐿 = 𝐶𝑜[1 + (1 − 𝑘)𝑘
−1exp(−𝑅𝑥/𝐷𝐿)]                                 (2.13) 
During solidification, a solute build-up zone will be formed in front of the S/L interface due to 
solute rejection [137, 138]. For an intact freezing range, the relationship between constitutional 
supercooling (CS) and solidification pathway is demonstrated in Figs. 2.8a-c [9].  
 
Fig. 2.8 Schematic illustration of constitutional supercooling (CS) vs. solidification pathway in an 
alloy with initial composition Co ((a)-(c) extracted from Ref. [9]): (a) evolution of solute 
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concentration (Cl*) at the solid/liquid interface from initial state (t0) to steady state (t3); (b) a 
typical binary phase diagram demonstrating how the temperature changes from t0 to t3; (c) the 
development of CS-zone from t1 to t3 at a flat temperature gradient; (d) the development of CS-
zone at a steep temperature gradient. The slight curvature of TA-t1/t2/t3 in (c) is based on an 
assumption of equiaxed grain growth, in which the growing grains are a bit hotter than 
surrounding liquid due to latent heat [139]. There will be no CS-zone formed in (d) when the 
temperature gradient is larger than TA2. 
      The CS-zone develops when the slope of the actual temperature in front of the S/L interface is 
smaller than that of the equilibrium temperature of the liquidus. Otherwise, there is no CS-zone 
formed in the build-up solute field, as illustrated in Fig. 2.8d. 
𝑇𝐿𝑖𝑞𝑢𝑖𝑑 = 𝑇𝑚 − 𝑚𝐶𝐿                                                     (2.14) 
𝑇𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑇𝑚 − 𝑚𝐶𝑜/𝑘 + 𝐺𝑥                                               (2.15) 
∆𝑇𝑥 = 𝑇𝐿𝑖𝑞𝑢𝑖𝑑 − 𝑇𝑎𝑐𝑡𝑢𝑎𝑙                                                 (2.16) 
where G is the actual temperature gradient in the liquid, Tm is the melting temperature, and the 
definitions of other parameters can be found in Fig. 2.8d. If the solute diffusion in the solid phase is 
ignored and the distribution coefficient (k) is treated as a constant, then, the 1-D CS (∆Tx in Fig. 
2.8d) ahead of the S/L interface can be quantitatively obtained by substituting Eqs. 2.12-2.15 into 
Eq. 2.16. 
∆𝑇𝑥 =  𝑃 − 𝑃 exp(−R𝑥/𝐷𝐿) − G𝑥                                        (2.17) 
During the solidification process at a lower cooling rate, the length of the CS-zone should be 
considered, because the CS-zone impacts the formation and growth of the previously-formed grains. 
According to Fig. 2.8d, a CS-zone can form if G is < 𝑇𝐴2 =
𝜕𝑇
𝜕𝑥
|𝑥=0 . Furthermore, the criterion 
required to develop a CS-zone is derived as follows [139] 
𝐺
𝑉
< −
𝑚𝑐𝑜(1−𝑘)
𝑘𝐷
    or     𝐺𝐷
𝑉
<
𝑚𝑐𝑜(𝑘−1)
𝑘
= 𝑃                                 (2.18) 
For dendritic or cellular growth, Eq. 2.18 is also usually used to evaluate the interfacial instability 
[104]. As the G/V value is reduced, the planar interface transits into cellular, followed by dendrite 
[104]. There are also some other factors, i.e. capillarity and convection, causing interfacial 
instability [140-144]. However, it has been experimentally recognised that the CS criterion provides 
reasonable accuracy and consistency [104]. Meanwhile, this concept is appropriate for the 
application in the PhD thesis. 
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2.5 Current theories of grain refinement   
      Over the past six decades, extensive work has been conducted to either investigate mechanisms 
or develop grain refiners. However, there is still no consensus on the mechanisms of grain 
refinement, which were originally developed in light metals, i.e. Al, Mg, Ti and their alloys. This is 
mainly due to three reasons: (1) the process of grain refinement is influenced by both melting and 
casting-conditions; (2) impurities are always difficult to be avoided; (3) unknown positive/negative 
interaction also exists in the melts. Simply speaking, these theories/models are based on nucleant 
particles and solute effects. Many theories/models in terms of grain refinement have been developed. 
No matter which kinds of theories/models are proposed to explain the mechanism of grain 
refinement, several basic issues must be considered, as follows:  
 What are the requirements for particles to act as potent nucleation sites for cast metals?  
 How can the nucleus of cast metals nucleate on activated particles?  
 Which factors, i.e. solute segregation, nucleation crystallography, pouring temperature, 
holding temperature and cooling rate, play a dominant role in grain refinement?  
 How to theoretically design potent grain refiners for cast metals?  
In terms of these questions, many theories have been established for grain refinement. Some typical 
theories are summarised in Table 2.1. 
Table 2.1 Typical theories on the grain refinement of cast metals 
Theory Mechanism Application  
Peritectic-based 
theory 
Peritectic 
reaction 
theory 
α-Al nucleates on Al3Ti through peritectic 
reaction Al(l)+Al3Ti→ α-Al(s)  
Al alloys refined by Al-Ti 
master alloy [145]. 
 
Mg nucleates on Zr particle through peritectic 
reaction Mg(l)+α-Zr→α-Mg(s)  
Al/Mn/Si-free Mg alloys refined 
by Zr [146]. 
Peritectic 
hulk 
theory 
Boride shell retards the dissolution of Al3Ti to 
promote nucleation of α-Al through peritectic 
reaction [147] 
Partially explain some 
experimental phenomena, 
opposite to Mayes’ result [148]. 
Duplex 
nucleation 
theory 
A thin layer of Al3Ti on TiB2 act as nucleation 
site for α-Al undergoing peritectic reaction [10] 
Convinced by Schumacher 
, Greer and co-workers [71]. 
Hyper-nucleation theory 
Segregating Ti atoms at TiB2/melt interface can 
enhance the nucleation of α-Al on pseudo-crystals 
[149] 
No experimental evidence 
Heterogeneous 
nucleation  
(inert substrate) 
Boride / 
carbide 
theory 
α-Al nucleates on AlB2 , TiB2 and (Al,Ti)B [150] 
Pure Al refined by Al-Ti-C and 
Al-Ti-B master alloys. 
Mg nucleates on either Al4C3 or other compound 
containing Al, C and O [77, 151, 152] 
1. Mg-Al alloy refined by C2Cl6 
and C6Cl6 [146], 
2. AZ31 and AZ61 alloy refined 
by Al-Al4C3-SiC [153]. 
Lattice 
matching  
Nucleation can be enhanced by the good lattice 
matching between nucleation particle and metal 
matrix [16, 19, 75] 
1. Mg-Al alloys refined by Al2Y 
[75], 
2. Mg-Al alloys refined by AlN 
21
 
 
[154], 
3. Mg-14Li-1Al alloy refined by 
TiB2 and Al3Ti [73], 
4. Mg-Al alloys refined by Al/ 
Fe-rich particles [155]. 
Solute paradigm theory 
Both potent nucleants and segregating solutes are 
essential to generate grain refinement [14, 57, 
126] 
1. Mg-Al(-Mn) alloys refined by 
SiC [77], 
2. Al alloys refined by Al-Ti-B 
master alloy [57], 
3. Titanium alloys refined by Si 
or Be [112, 133, 134]. 
Interdependence theory 
Grain formation is driven by constitutional 
supercooling, and nucleant selection is controlled 
according to free growth model [9] 
Validated in the Al alloys 
refined by TiB2 [9]. 
 
      The current theories, developed in Al- and Mg alloys, can be roughly divided into five schools: 
the peritectic-related theory, the hyper-nucleation theory, the heterogeneous nucleation theory, the 
solute paradigm theory and the interdependence theory. Peritectic solidification has wide 
application in preparing cast metals [58, 156-158] and functional materials [159-161]. Based on the 
solidification of antimony, silver and copper alloys, Asato and co-workers firstly defined the 
conceptual peritectic reaction theory [156]. Then, it was introduced to elucidate the grain 
refinement of aluminium alloys by Al3Ti (Crossley and Mondolfo [145]) and Al3Zr/Al3Nb (Wang et 
al. [162, 163]), respectively. Similarly, Emley [146] also used peritectics to explain the grain 
refinement of Mg-Zr alloys. In addition, the peritectic reaction is very common in binary alloy 
solidification, i.e. Al-Ti, Cu-Co, Zn-Ag, Fe-Ni and Mg-Zr ally. As a result, the peritectic reaction 
theory and its application in grain refinement possess much scientific and technological significance, 
although its roles in grain refinement is still under debate [59, 164, 165]. Both the peritectic hulk 
theory and the duplex nucleation theory seem to be a bit different from the peritectic reaction theory; 
however, the essence of these two theories is based on peritectic reaction. The promising hyper-
nucleation at the TiB2/melt interface was proposed by Jones [149]. After calculating the individual 
activity of Ti in Al melts and TiB2 particles, Jones speculated that the segregating Ti atoms at the 
TiB2/melt interface will form a layer of Al-Ti solid solution on TiB2. This layer of solid solution, 
also called pseudo-crystals, can stabilize above the melting temperature of Al. Then, the α-Al grains 
can nucleate on these pseudo-crystals at very small undercooling.  
      The heterogeneous nucleation theory, i.e. boride/carbide theory and lattice matching, is most 
common. For the boride/carbide theory, grain refiners were directly added into metal melt for 
obtaining grain refinement. These added grain refiners are selected without sufficient 
crystallographic consideration, but rather for thermodynamic stability. The lattice matching theory, 
i.e. edge-to-edge matching model [16, 19, 70, 75, 76], is more convenient to predict new grain 
refiners from first principle. The lattice matching theory shows that the nucleation in grain 
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refinement can be promoted through good crystallographic matching, because the good lattice 
matching reduces the nucleation barrier. Despite this, not all the particles which match well with the 
nucleus will definitely generate effective grain refinement. 
      Recently, the solute paradigm theory cast a new light on understanding the solute effect in grain 
refinement. Both particle and solute are combined to explain grain refinement. In 1972, Jakson had 
already realised that both solute and particle are essential in the grain refinement of steels [111]. 
However, he did not describe how the solute affects grain formation/growth. In 1993, Johnsson 
firstly proposed the solute paradigm in aluminium alloys [14], and then it was further semi-
quantitatively developed by Easton and StJohn [57, 58, 126, 166]. The solute paradigm theory 
interprets the solute effect on grain refinement from two perspectives: (1) the segregating solute at 
the solid/liquid interface can restrict growth of previously-formed grains; (2) the constitutional 
supercooling (CS) will generate more nucleation events, if potent nucleant particles are present in 
the CS zone. Based on the solute paradigm and free growth model, StJohn et al. [9] developed an 
interdependence theory to profoundly interpret the relationship between grain formation and 
nucleant selection. These theories in Table 2.1 have been successfully applied to explain some 
experimental results/phenomena. However, without being combined with other theories, it is 
difficult to use any single theory to explain all experimental results. Moreover, some new grain 
refiners, developed based on these theories, cannot produce efficient refining results. So, there must 
be some other unknown factors that also contribute to grain refinement. 
2.6 Modelling of grain refinement for cast metals 
      Grain refinement in cast metals is subject to many complex factors, i.e. nucleation, particle size, 
size distribution, particle morphology, solute- and thermal field, undercooling, holding time, casting 
temperature, convection, capillarity effects and etc. Based on some assumptions and simplification, 
a number of models have been developed to predict/describe the microstructural evolution in grain 
refinement. Generally, modelling of grain refinement at a microscopic scale can be classified into 
two categories, including deterministic- and probabilistic approaches [128, 167]. The deterministic 
approach, which is principally based on continuum modelling, is summarised as: the number of 
grains nucleating in the bulk metal liquid is expressed as a function of undercooling [83, 167, 168]. 
The expression of the function is deduced from experimental parameters, i.e. cooling curve and 
grain density. The probabilistic approach is based on interfacial energy minimization, where 
complex variations (such as the size distribution of nucleant particles and the impingement of 
adjacent grains) are treated as a random function [169-171]. However, such functions do not include 
the anisotropy of interfacial energy. The major assumptions, used in deterministic- and probabilistic 
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modelling, are listed in Table 2.2. In order to obtain accurate description/prediction, both 
deterministic- and probabilistic models are often combined for application  
Table 2.2 Fundamental assumptions utilised in both deterministic- and probabilistic models, 
adapted from Ref. [172]. CS and TS are designated to be constitutional supercooling and thermal 
undercooling, respectively. 
Model Category Micro-segregation Growth kinetics CS TS 
Maxwell-Hellawell [80] Deterministic No Diffusion-limited 
spherical growth 
No Yes 
Dustin-Kurz [173] Deterministic Equilibrium Dendrite tip Yes Yes 
Rappaz-Thevoz [174, 175] Deterministic Liquid diffusion + Scheil 
equation 
Dendrite tip Yes No 
Nastac-Stefanescu [176-
178] 
Deterministic Solid + liquid diffusion,  
close/open system 
Spherical growth + 
dendrite tip 
Yes Yes 
Aaron et al. [179] Deterministic diffusion-controlled 
growth 
Spherical and 
planar growth 
Yes No 
Wang-Beckermann  
[180, 181] 
Deterministic Yes Dendrite tip Yes No 
Spittle-Brown [182] Probabilistic No Arbitrary rules No No 
Zhu-Smith [183] Probabilistic No Thermodynamic  No No 
Rappaz-Gandin [167] Probabilistic No Dendrite tip Restricted No 
Hunt [83] Deterministic Yes Dendrite tip Yes Yes 
Greer-Quested  
[15, 85, 124] 
Deterministic Yes Spherical growth Yes No 
Wang et al. [184] Deterministic Yes Dendrite 
fragmentation 
Yes Yes 
Qian et al. [128] Deterministic Yes Spherical growth + 
plannar growth 
Yes No 
StJohn-Easton  
[9, 89, 126, 185] 
Deterministic Yes CS-driven + free 
growth theory 
Yes No 
 
2.6.1 Deterministic modelling 
      Some predictive models were formulated to reveal the deterministic nature during the process of 
grain formation. Maxwell and Hellawell (M-H) originally developed a simple model for the grain 
refinement in binary peritectic alloy systems, i.e. Al-Ti, Al-Zr and Al-Cr [80]. The M-H model 
incorporates and quantifies the effect of alloy constitution, substrate activity, wetting angle, cooling 
rate and late heat on reducing grain size. There are three basic assumptions in the M-H model: (a) 
solidification starts and continues uniformly within the melt; (b) the heat extraction flux involved 
during nucleation is exclusively described by a cooling curve; and (c) the final grain size depends 
on the competition between nucleation and growth. Some characteristic parameters in the M-H 
model are shown in Fig. 2.9. 
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Fig. 2.9 Illustration of the formation of cooling curve and the parametric definition in the M-H 
model, extracted from Ref. [128]. 
      At the initial stage of nucleation before recalescence, the nucleation rate increases as 
temperature drops. After recalescence starts, the nucleation rate will be lowered due to the reduction 
of undercooling, which restricts the number of activated nucleation particles. The term, S, was 
defined by M-H to describe grain growth during peritectic solidification, as listed below: 
𝑆 =
−2(∆𝑇−∆𝑇𝑐)/𝑚
(𝑘−1)[𝐶𝐴−(∆𝑇−∆𝑇𝐶)/𝑚]
                                                       (2.19)     
where ∆𝑇 is the undercooling relative to Tperitectic, 𝑘 is the equilibrium distribution coefficient, 𝑚 is 
liquidus slope, 𝐶𝐴 is maximum solid solubility, and ∆𝑇𝐶 is curvature undercooling. The curvature 
undercooling is often neglected; however, it should be considered when small grains nucleate and 
grow at a small undercooling.  
      Recently, Easton [57, 58], Qian [128] and StJohn [9] made substantial progress in the 
development of deterministic modelling. Their models are proposed based on the assumption that: 
the grain initiation on potent substrate is driven by constitutional supercooling (also called 
constitutional undercooling) [128]. The influence of thermal undercooling has not been considered 
in their models, because the cooling rate is quite small. The effect of solute on grain growth is 
characterised using the growth restriction factor, Q [124]. The fundamental aspects of these CS-
related models are demonstrated in Fig. 2.10. 
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Fig. 2.10 (a)-(b) An illustration of the CS-driven nucleation on single and substantial potent 
nucleants respectively, extracted from Ref. [128]; (c)-(d) three regions in the Interdependence 
theory used to predict grain size, extracted from Ref. [9]. 
      Easton et al. [186] found that the as-cast grain size can be expressed as a linear function of 1/Q. 
𝑑 = 𝑎 +
𝑏
𝑄
= 𝑎 +
𝑏
𝑚𝑙𝑐𝑜(𝑘−1)
                                                (2.20) 
where 𝑚𝑙 is the slope of the liquidus line, 𝑐𝑜is the solute concentration, and 𝑘 is the equilibrium 
partition coefficient. According to Easton et al.’s definition [126, 186], 𝑎 and 𝑏 are related to the 
potency of grain refiners and the number of active nucleant particles, respectively. Then, Qian et al. 
[128] developed a rigorous physical explanation in the actual 3-dimensional melt scenario. 
𝑑 =
1
𝑁
∑ 𝑎𝑖 + 𝐷 ∙ ∆𝑇𝑛/(𝑣 ∙ 𝑄)
𝑁
𝑖=1                                            (2.21) 
in which N is the total number of grains surrounding former nucleated grains, D is the solute 
diffusion coefficient, ∆𝑇𝑛 is the critical undercooling for nucleation, v is growth velocity and 𝑎𝑖 is 
the distance from the advancing solid/liquid interface, as shown in Figs. 2.10a-b. Most recently, a 
rigorous mathematical description about grain formation and nucleant selection in grain refinement 
was proposed by StJohn et al. [9]. In order to provide accurate prediction, this theory mainly 
incorporates three parts: a critical radius (𝑟𝑐𝑠) that a grain must grow to achieve ∆𝑇𝑛 , length of 
diffusion field (𝑟𝑑𝑙) and average interparticle spacing (𝑟𝑠𝑑), as indicated in Fig. 2.10c-d. 
𝑑 = 𝑟𝑐𝑠 + 𝑟𝑑𝑙 + 𝑟𝑠𝑑                                                     (2.22) 
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Substituting 𝑟𝑐𝑠 and 𝑟𝑑𝑙 by 
𝐷∙𝑧∙∆𝑇𝑛
𝑣𝑄
 and 4.6∙𝐷
𝑣
∙
𝐶𝑙
∗−𝐶𝑜
𝐶𝑙
∗∙(1−𝑘)
 respectively, the grain size (𝑑) can be explicitly 
expressed as 
𝑑 =
𝐷∙𝑧∙∆𝑇𝑛
𝑣𝑄
+
4.6∙𝐷
𝑣
∙
𝐶𝑙
∗−𝐶𝑜
𝐶𝑙
∗∙(1−𝑘)
+ 𝑟𝑠𝑑                                          (2.23) 
It should be mentioned that some other variations, such as particle property and crystallography, are 
not considered in these CS-driven models. However, for the first time, they give semi-quantitative 
description of the correlation between grain formation and nucleant selection. 
2.6.2 Probabilistic modelling 
      In the probabilistic models, the nucleation undercooling is assumed to follow a Gaussian 
distribution [167, 172, 187-190], which has been successfully applied by Martorano, Nastac, and 
Yao et al. The probabilistic model formulated by Martorano and Biscuola (M-B) [187], is based on 
the models developed by Hunt [83] and Quested et al. [124]. In terms of the M-B model, five basic 
assumptions [187] are carried to induce nucleation events, including (a) linear temperature gradient, 
(b) spherical growth, (c) potent nucleation substrates, (d) instantaneous nucleation, and (e) Gaussian 
distribution of undercooling. These assumptions are presented in Fig. 2.11. 
 
Fig. 2.11 (a) Columnar grains grow at a velocity of V, and equiaxed grains nucleate at a velocity of 
Vg within the thermal undercooling boundary layer; (b) the volume fraction (εg) of equiaxed grains 
and temperature (T), showing the influence of liquidus temperature, nucleation temperature and 
undercooling on diverse substrates, extracted from Ref. [167]. 
      According to the Gaussian distribution, the undercooling needed to activate heterogeneous 
nucleation on potent particles is mathematically expressed as follows [167]: 
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𝑑𝑛
𝑑(∆𝑇𝑁)
=
𝑛𝑇
√2𝜋∙∆𝑇𝜎
exp [−
1
2
(
∆𝑇𝑁−∆𝑇𝑁
∆𝑇𝜎
)2]                                       (2.24) 
where 𝑛 is the number of active nucleant particles, 𝑛𝑇  is the number of total nucleant particles 
present in a system, ∆𝑇𝜎  is the standard deviation of undercooling, and ∆𝑇𝑁  is the average 
undercooling to generate nucleation. During the columnar and equiaxed grain growth, the boundary 
curve in growth maps (see Fig. 2.11) can be interpreted as 
𝜑 =
3
9(𝑚+1)
{
0.66
𝑙𝑛(1−𝜀𝑏𝑙𝑜𝑐𝑘)−1
∙
1
∆𝑇𝜎/∆𝑇𝑁√2𝜋
∫ [[1 − (
∆𝑇𝑁
𝑉1/𝑚
)𝑚+1]3exp [−
1
2
(
∆𝑇𝑁−1
∆𝑇𝜎/∆𝑇𝑁
)2]] 𝑑∆𝑇𝑁
𝑉1/𝑚
0
}
1/3
  (2.25) 
where 𝜀𝑏𝑙𝑜𝑐𝑘 (volume fraction of equiaxed grains) is arbitrarily selected as 0.49, 𝑉 is the relative 
growing velocity of the columnar front, and the constant (m) is dependent on the specified alloy 
system. Computer simulation via the M-B model shows that increasing the spread of nucleation 
undercooling will not facilitate equiaxed growth, if both the dimensionless isotherm velocity (𝑉) 
and the columnar front undercooling (𝑇) are greater than unity. However, the equiaxed growth can 
be enhanced on the condition that both 𝑉 and 𝑇 are smaller than unity.       
      Using a 2-D cellular automata technology [167], Rappaz and Gandin (R-G) proposed a model to 
reveal the evolution of grain structure during solidification. The R-G model is based on the 
assumptions: (a) the nucleation particles at the mould wall and in bulk liquid are dispersed 
according to two different distribution functions; (b) the dendrite tip growth, the preferential 
crystallographic orientation and the mechanical impingement of adjacent grains are considered; (c) 
the temperature gradient in bulk liquid is uniformly distributed; (d) for the isothermal solidification 
process, the solute undercooling (∆𝑇𝑐) dominates rather than thermal undercooling (∆𝑇𝑡), attachment 
kinetics (∆𝑇𝑘) or curvature undercooling (∆𝑇𝑟) [191]. 
𝜔 =
𝑐∗−𝑐𝑜
𝑐∗(1−𝑘)
= 𝐼𝑣(
𝑅𝑣
2𝐷
)                                                    (2.26) 
𝑅 = 2𝜋√
𝐹
𝑚𝐺𝑐𝛿𝑐−𝐺
                                                        (2.27) 
where 𝜔 is the supersaturation coefficient, 𝑐∗ is the solute concentration of the dendrite tip, 𝑐𝑜 is the 
solute concentration in liquid metal, 𝑅 is dendrite tip radius, 𝐷 is the diffusion coefficient, 𝛿𝑐 is a 
parameter close to unity, and 𝐺𝑐 and 𝐺 are solute gradient and thermal gradient, respectively. 𝐺 can 
be ignored during equilibrium solidification [138]. Further, the relationship between undercooling 
and supersaturation can be expressed as  
∆𝑇 = 𝑚𝑐𝑜[1 −
1
1−𝜔(1−𝑘)
]                                               (2.28) 
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𝐿(𝑡) = ∫ 𝑣[∆𝑇(𝑡′)]𝑑
𝑡
𝑡𝑁
𝑡′                                              (2.29) 
where 𝐿(𝑡) is the half-diagonal which limits the size and shape of dendritic grains, and 𝑣[∆𝑇(𝑡′)] is 
the growth velocity in preferential direction. 𝑣[∆𝑇(𝑡′)] can be calculated using the KGT model 
[138]. To simulate the nucleation and growth of grains, time-stepping cellular automaton (CA) was 
introduced into the R-G model, as shown in Fig. 2.12a. The predicted grain structure of Al-7wt.% 
Si is demonstrated in Fig. 2.12b. 
 
Fig. 2.12 (a) An illustration of the grain-growth of one cellular automaton (CA); (b) final grain 
structure predicted by two dimensional CA, extracted from Ref. [167]. 
      The advantages of the R-G model are concluded as: (a) the final computer-predicted 
microstructures can be directly compared with real microstructure; (b) unlike finite element method 
(FEM) and finite element difference (FED), the R-G model incorporated with CA algorithm 
provides realistic computation times. But, the assumptions of a 2-D crystal growth and uniform 
temperature gradient needs to be refined in order to get more accurate solutions. In addition, Yao et 
al. [188] proposed a predictive approach, named as the cellular automaton-finite control volume 
method (CAFVM), to illustrate the formation and morphology of grains. Compared with the R-G 
model, the CAFVM method incorporates the solute effect and extra-potential nucleants. 
2.7 Nucleation crystallography of grain refinement 
      For the heterogeneous nucleation in grain refinement, the interfacial energy at the nucleating 
interface is the controlling factor [18]. The total interfacial energy is associated with several factors 
[18, 192-195], i.e. the chemical and physical nature of the particle, the electrostatic potential 
between particle and matrix, and crystallographic matching (CM) across the nucleating interface.         
Therefore, it is impossible to describe the interfacial energy using a simple expression. However, 
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Turnbull and Vonnegut theorised that the lattice matching, or structural matching, between particle 
and matrix contributes largely to enhancing heterogeneous nucleation [69]. Turnbull et al. predicted 
that the order of nucleation potency is proportional to the inverse of lattice disregistry [69]. 
Meanwhile, some other investigators have also tried to correlate heterogeneous nucleation to CM 
[53, 196-198]. The term, nucleation potency, is used to describe the capacity of a particle acting as a 
nucleation site. Generally, nucleation potency can be evaluated through calculating the CM value at 
the particle/matrix nucleating interface. The better the crystallographic matching is, the higher the 
nucleation potency becomes [199]. In order to calculate the CM value, a couple of geometric 
crystallographic models were established. These geometric models consist of Turnbull’s linear 
disregistry model [69], Brafitt’s plane-on-plane disregistry model [18] and Zhang’s edge-to-edge 
matching (E2EM) model [16, 75]. When validating the potency of nucleant particles, the E2EM 
model [193, 195] is more rigorous, because it evaluates both the interatomic spacing misfit and 
interplanar spacing mismatch. The E2EM mode is schematically shown in Fig. 2.13. 
 
Fig. 2.13 Schematic illustration of edge-to-edge matching (E2EM) model (see Ref. [203]). 
      The terminology, nucleation crystallography, first occurred in a publication by Qiu and Zhang 
[93]. It focuses on the role of crystallography, between nucleant particle and metal matrix, in grain 
refinement. Nucleation crystallography is involved with the crystallographic features, including 
interfacial structure, crystallographic matching, interface orientation and orientation relationships 
(ORs) [93]. In 1975, Johnson et al. [200] had already recognised that when forming a critical nuclei 
during solid-solid nucleation, the ORs may be related to a facet nucleating interface with low 
interfacial energy. In the past decade, the E2EM model is shown to be a breakthrough for 
investigating the ORs between the two phases involved. The fundamental assumption of the E2EM 
model [193-195, 201] lies in that the minimisation of interfacial strain energy depends on 
crystallographic matching of the atomic rows across the interface between two phases. The E2EM 
model, developed by Zhang and Kelly [193, 194, 202], was originally developed to predict the ORs 
and the corresponding interfaces between two phases. Crystallographic data, i.e. crystal structure, 
30
 
 
lattice parameters and atomic positions, must be input when using the E2EM model. The E2EM 
model was first applied to explain the crystallographic features in alloy development and solid-
phase transformations [109, 193, 194, 203]. Then, it was introduced to predict new grain refiners for 
cast metals by Zhang [16, 19], Qiu [20, 75, 76], Fu [154, 204], Jiang [73], and Wang [162, 163], etc. 
Using the E2EM model involves four steps [19]: (1) identification of matching directions; (2) 
identification of matching planes; (3) prediction of potential ORs; and (4) refinement of ORs and 
determination of interface.   
      At the atomic scale, the process of heterogeneous nucleation starts from atom-by-atom stacking 
on potent nucleant particles. Thus, the naturally-exposed crystallographic plane acts as the real 
nucleating plane, rather than the arbitrarily-predicted matching planes [118]. It is hard to control the 
naturally-exposed plane of nucleants as required in grain refinement. Preferred orientation 
relationships (ORs) may exist in peritectic-based alloys, because the in-situ formed pro-peritectic 
particles have a high possibility to expose a favourable crystallographic plane. After exploring grain 
refinement of aluminium by Al-Ti-B master alloy, Davies et al. [74] concluded that peritectic-based 
Al3Ti particles were the active nucleant particles and there existed a preferential OR between Al3Ti 
and Al. Pro-peritectic particles nucleate liquid metal via either peritectic reaction or heterogeneous 
nucleation [205, 206], and this process can be accelerated due to epitaxial configuration. Greninger 
[207, 208] is the first pioneer to investigate the OR in a peritectic-based Cu-Zn alloy system. His X-
ray study of peritectic reaction in a Cu-Zn system confirmed that the ORs are related to the pro-
peritectic phase. Marcanto et al. [67] also studied the OR between pro-peritectic particles and metal 
matrix using X-rays, which shows that the undercooling for nucleation increases with increasing 
lattice disregistry (up to 9%). 
      Curie (1885) proposed that, under the equilibrium condition for the transformation between 
solid and liquid [209], crystals will adjust their morphology to meet with the minimum surface 
energies. In other words, the morphology of growing crystals at equilibrium state should have 
minimum surface energies. It is well acknowledged that the formation of nuclei will be facilitated if 
a structural matching between substrates and nucleus is achieved [69]. Likewise, in order to 
minimise the interfacial energies between solid and liquid, the crystallographic features of a 
nucleant particle and metal matrix should fulfil the Curie criterion. The close-packed or near close-
packed crystallographic planes are normally considered to suffice as the Curie criterion. 
      Al3Ti and Zr were found to be potent grain refiners for Al and Mg, respectively. Extensive work, 
in terms of nucleation crystallography, has been carried out in the Al/Al3Ti and Mg/Zr nucleating 
systems [71, 74, 210, 211]. The coherent Kurdjumov-Sachs OR has been observed for the 
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nucleation of β(BCC) on α(FCC) in Cu-Sn alloys [103] and for the nucleation of austenite on the 
primary ferrite in steels [212]. Schaffer et al. investigated the role of engulfed and pushed particles 
(TiB2) in the grain refinement of aluminium [210]. They found that: (a) the particles pushed to the 
grain boundaries show no ORs; (b) some reproducible ORs were determined within 70% of the total 
engulfed particles, indicating that the ORs with low interfacial energy may promote engulfment. In 
the case of Al-Ti alloys, experiments [67, 213] were carried out to find that a preferred epitaxial 
orientation exists between Al3Ti and Al. After analysis of twelve cases, Davies et al. [74] found the 
ORs were (1̅11)Al//(1̅11)Al3Ti and (01̅1)Al//(001)Al3Ti (nearly parallel). As an exceptional case, the 
OR also occurs in the form of (211)Al // (001)Al3Ti . In a TEM observation of metallic glass 
specimens refined by Al5-Ti-B master alloy [15, 85], Greer reported that the TiB2 particles with a 
crystallographic plane {0001} act as favourable nucleation sites to nucleate α-Al grains. However, 
Schumacher proved that the {0001}TiB2  planes were coated by a thin layer of Al3Ti [214]. The 
coated Al3Ti acts as the real nucleation site. The ORs between Al3Ti, TiB2 and α-Al were finally 
determined as [71] 
< 201 >Al3Ti//< 1120 >TiB2//< 110 >α_Al                                  (2.30) 
{112}Al3Ti //{0001}TiB2//{111}α_Al                                        (2.31) 
Notwithstanding this, the TEM analysis, performed by Naglić et al. [215], of the ORs between 
substrate particles (TiC) and metal matrix (α-Al) implied that the nucleation event occurs on the 
{111}TiC  plane so that the {111}TiC  and {111}α−Al  planes are in parallel. Cissé et al. [72] observed 
an epitaxial growth of α-Al on TiC. The OR between TiC and α-Al is roughly expressed as 
[001]TiC //[001]α_Al, (001)TiC //(001)α_Al                                 (2.32) 
Using the backscattering electron (BSE) mode in SEM, Qian et al. [164] reported that effective Zr 
nucleant particles were surrounded by Mg matrix. Thereafter, using the TEM technique, Saha [96] 
investigated the accurate ORs between Zr and Mg, which was determined as 
(0001)Zr//(0001)Mg, (101̅0)Zr//(101̅0)Mg)                                (2.33) 
This suggests that the effective nucleation sites for Mg matrix originate from the basal plane (0001) 
and prismatic plane (101̅0). Based on the predication by the E2EM model, Qiu et al. [75] designed 
a new grain refiner (Al2Y) for cast Mg. Further, Qiu [20] observed two precise ORs between Al2Y 
and Mg using EBSD [20] and TEM [93], respectively. These two ORs are expressed as follows 
[2̅1̅1]Al2Y//[21̅1̅0]Mg, (022)Al2Y//(011̅0)Mg and (22̅2)Al2Y//(0002)Mg            (2.34) 
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[001]Al2Y//[21̅1̅0]Mg, (22̅0)Al2Y//(011̅0)Mg and (2̅2̅2)Al2Y//(0002)Mg              (2.35) 
      The two experimentally-determined ORs are in good agreement with the E2EM model-
predicted results. Recently, Wang and co-workers investigated the nucleation crystallography in 
other proven efficient grain-refining systems, including Al3Zr/Al and Al3Nb/Al [162, 163]. Based 
on the reproducible ORs determined using an EBSD-related numerical method [20] and the TEM-
CBKLDP technique [216], Wang et al. found that favourable ORs contribute to the high potency of 
Al3Zr and Al3Nb, resulting in the significant grain refinement of cast Al. The ORs determined by 
Wang et al. were listed in Table 2.3. However, little research on the nucleation crystallography in 
cast Zn alloys is available. So, this gap is one of the objectives in the current PhD thesis. 
Table 2.3 The experimental orientation relationships determined by Wang et al. [162, 163] using 
EBSD and TEM-CBKLDP. 
Nucleating system Experimentally-determined orientation relationships (ORs) 
OR No. Matching directions Matching planes 
Al3Zr-Al [163] 
OR(A) [11̅0]Al3Zr
𝑆 ||[101]Al
𝑆  
[401̅]Al3Zr
𝑆  1.34o from [11̅0]Al
𝑆  
(114)Al3Zr 3.50
o from (111̅)Al 
OR(B) [401̅]Al3Zr
𝑆 ||[11̅0]Al
𝑆  
[11̅0]Al3Zr
𝑆  1.26o from [101]Al
𝑆  
(114)Al3Zr 0.04
o from (111̅)Al 
OR(C) [11̅0]Al3Zr
𝑆  0.68o from [101]Al
𝑆  
[401̅]Al3Zr
𝑆 ||[11̅0]Al
𝑆  
(114)Al3Zr 0.68
o from (111̅)Al 
Al3Nb-Al [162] OR(I) [110]Al3Nb
𝑆  2.13 o from [01̅1]Al
𝑆  
[021̅]Al3Nb
𝑆 ||[101]Al
𝑆  
(1̅12)Al3Nb 1.07
o from (1̅11)Al 
 
OR(II) [110]Al3Nb
𝑆  1.85o from [01̅1]Al
𝑆  
[021̅]Al3Nb
𝑆  1.64o from [101]Al
𝑆  
(1̅12)Al3Nb 1.76
o from (1̅11)Al 
 
OR(III) [110]Al3Nb
𝑆 ||[01̅1]Al
𝑆  
[021̅]Al3Nb
𝑆  1.92o from [101]Al
𝑆  
(1̅12)Al3Nb 0.24
o from (1̅11)Al 
 
The superscript, S, refers to straight atomic rows. 
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   Chapter 3 Experimental Methodologies 
3.1 Grain refiners’ design and preparation 
      Four master alloys (or grain refiners), i.e. Zn-10wt.% Ag, Zn-18wt.% Cu, Zn-60wt.% Mg and 
Zn-6wt.% Al, were developed. The whole melting process of Zn-Ag/Cu/Al master alloys was 
prepared in a protective atmosphere with argon. Due to easy oxidation, the Zn-Mg master alloy was 
melted under a protective cover gas (1.0% SF6, 49% dry air and 50 vol.% CO2). The chemical 
compositions of all the master alloys were examined using an inductively coupled plasma atomic 
emission spectroscopy (ICP-AES), as listed in Table 3.1.  
Table 3.1 Concentrations of major solute elements in the as-cast master alloys 
Master alloy Major solute elements (all in wt.%)* 
Zn Cu Ag Mg Al Fe Ni Sn Mn Cr Pb Cd 
Zn-10wt.% Ag .Bal .001 9.97 
±0.1 
.001 .001 .002 .001 .002 .001 .001 .002 .001 
Zn-18wt.% Cu .Bal 18.5 
±0.1 
0 .001 .001 .003 .001 .001 .001 .001 .001 .001 
Zn-60wt.% Mg .Bal .002 0 60.0 
±0.2 
.02 .002 .001 .001 .024 .001 .001 .001 
Zn-6wt.% Al .Bal .002 0 .001 5.83 
±0.3 
.003 .001 .001 .001 .001 .001 .001 
 
3.2 Casting process and differential thermal analysis 
      To investigate the effect of different solute elements on the grain refinement of cast pure Zn, 
two peritectic-forming solute elements (Ag and Cu) and two eutectic-forming solute elements (Mg 
and Al) were added into pure Zn melts to form binary alloys, respectively. This was made using 
super-high-purity zinc ingots (99.995 pct. pure), melted in a clay-bonded graphite crucible using an 
electrical resistance furnace, followed by adding individual master alloys according to the addition 
levels as designed. In addition, the inner surface of all crucibles was completely coated with boron 
nitride ahead of time to prevent foreign impurities. Ag contents (0.5%, 1.0%, 1.5%, 2.0%, 3.0%, 
3.5%, 4.5% and 6.0 wt.% Ag), Cu contents (0.25%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0% and 4.0 
wt.% Cu), Mg contents (0.03%, 0.06%, 0.10%, 0.20%, 0.30%, 0.45%, 0.6% and 0.74 wt.% Mg) 
and Al contents (0.25%, 0.5%, 0.75%, 1.0%, 1.25%, 1.5%, 1.75% and 2.0 wt.% Al) were selected 
as addition levels. Then, the melts were isothermally inoculated. After skimming the dross and 
stirring the melts, the melts were then cast into cylindrical graphite moulds. The cylindrical moulds, 
with 30mm in diameter and 40mm in length, had been preheated to the same temperature as the 
melts, and placed and covered by insulating boards. During solidification, the thermal analysis was 
carried out using the method proposed by Backerud et al [217]. After a couple of experiments, the 
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Zn-Mg grain-refining system was found to be a special case. Therefore, differential thermal analysis 
(DTA; Netzsch DTA 402 C) at a cooling rate of 0.08 oC/s was used to investigate the solidification 
behaviour of binary Zn-Mg alloys. These casting procedure and thermal analysis above are only 
designed to investigate the grain refinement mechanism in different as-cast Zn alloys. For the as-
cast specimens used for mechanical (tensile) property test, the casting and cooling process are 
present with details in Chapter 5. 
3.3 Microstructural characterization 
3.3.1 Grain size measurement using optical microscope 
      Metallographic samples were transversely sectioned about 10 mm from the bottom of the as-
cast cylindrical ingots. To highlight the grain boundaries, metallographic specimens were subject to 
Gennone-Kersey solution (84% distilled water, 15% H2SO4 and 1vol.% HF) and examined under a 
Leica polarised optical microscope (OM) fitted with a Spot 32 image analysis software. The 
average grain sizes, measured using a linear intercept technique (ASTM 112-10), were used to 
evaluate the performance of different grain refiners. Depending on the microstructural properties, 
nine fields in each sample were examined. 
3.3.2 Microstructural characterization by ICP-AES / XRD / SEM / DTA/EBSD / EPMA 
      To determine the difference between the nominal additions and the actual additions, quantitative 
chemical analysis was carried out on the selected specimens using an inductive coupled plasma 
atomic emission spectroscopy (ICP-AES). Phase constituents of the grain-refined Zn alloys were 
identified using X-ray diffraction (XRD) in a Bruker D8 diffractometer, selected area diffraction 
(SAD) and/or the TEM tilting techniques. The XRD was operated at 40 kV with Cu-K radiation 
(wavelengths λkα1 = 1.54056 Å). Then, the well-polished specimens were examined in a scanning 
electron microscope (SEM; JEOL-7001F). Two SEM modes, i.e. secondary electron and 
backscattered electron, were utilized to examine the potential nucleant particles. Energy dispersive 
X-ray spectroscopy (EDS) was used to determine the composition of the nucleant particles 
(intermetallic compounds) in Zn-Cu, Zn-Mg and Zn-Al alloys. The electron probe microanalysis 
(EPMA; JEOL-8200) was used to determine composition of the nucleant particles in Zn-Ag alloys, 
because the 2Kα of Ag is 44.326 kV (normally EDS is applicable for the case 2Kα ≤ 30 kV). 
Differential thermal analysis (DTA) was used to track the formation of potential phase 
transformation related to grain refinement. Electron backscattered diffraction (EBSD), was 
employed at 20 kV to (a) verify the reliability of individual grains in the eutectic Zn-Mg and Zn-Al 
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alloy systems, and (b) determine the crystallographic relationship between nucleant particles and 
metal matrix. The EBSD is coupled with an Oxford Instrument AZtecHKL® imaging system. 
3.4 Test of tensile properties 
      Cylindrical ingots were machined into standard tensile samples with 12.5 mm gauge length and 
6.0 mm gauge diameter. Afterwards, all the prepared tensile samples (taken from the cast bars) were 
deformed under tension using an INSTRON® testing machine. Tensile properties were examined at 
an initial strain rate of 2.0 × 10-3/s at room temperature. The tensile strain was measured using a 
pair of extensometers that were attached to the tensile samples. 0.2% proof stress was measured and 
treated as the yield strength. The presented yield stress and elongation are average values obtained 
from three tensile samples which were machined from the same ingots. 
3.5 Determination of orientation relationships (ORs) 
3.5.1 Determination of ORs using an EBSD-based numerical method 
      To efficiently determine the orientation relationships (ORs) from a large number of particle-
matrix pairs, a recently-developed numerical method [20] was introduced. The numerical method is 
based on the Euler angles collected from nucleant particles and metal matrix. The calculation 
process of this numerical method consists of: (a) calculating the OR transformation matrix between 
two phases using the experimentally-determined Euler angle pairs; (b) calculating OR by 
multiplying the OR matrix with given close-packed (or nearly close-packed) direction/plane 
families; (c) making a statistical analysis of the calculated ORs. For HCP crystal structure, the given 
direction family comprises 〈1210〉, 〈1213〉 and 〈1100〉, and the plane family includes {0002}, {112̅0}, 
{101̅1} and {101̅0}. Atomic arrangement along/on these selected directions/planes is close-packed 
or nearly close-packed. The determination procedure is listed below: 
 Measure the Euler angle pairs from the nucleant particles and surrounding matrix, using 
EBSD detector and AZtecHKL® imaging system. 
 Determine the orientation relationships (ORs) between particle and matrix using a Euler-
based numerical method [20]. 
 Make a statistical analysis of all the determined ORs using the stereograph projection. 
3.5.2 Determination of ORs using CBKLDP technique 
      All the TEM thin foils were examined using a transmission electron microscope (TEM; JEOL 
2100). Then, the convergent beam Kikuchi line diffraction pattern (CBKLDP) technique [216] was 
introduced to determine the ORs between the nucleant particles and surrounding Zn grains. The 
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CBKLDP technique has been proven to be an accurate and reliable method for ORs’ determination 
[162, 163, 218, 219]. To determine the ORs using CBKLDP technique, six steps should be 
conducted as follows: 
 Collect quality TEM Kikuchi patterns from two phases involved through titling specimens 
instead of electron beam. 
 Index the collected TEM CBKLDPs. 
 Calculate the electron beam direction using Ball’s methodology [220] 
 Define two references, i.e. pattern centre and scale bar, which should be fixed relative to the 
TEM coordinate. 
 Calculate the reference vectors using a Kikuchi triangle technique developed by Kelly and 
co-workers [216]. 
 Derive the OR transformation matrix, and further express the OR either in the form of a set 
of parallelisms or on a stereograph projection. 
3.6 Site-specified TEM specimen preparation 
      EBSD technique provides an easy way to study the crystallography of grain refinement. This 
method were applied in the peritectic-based alloys (Zn-Ag and Zn-Cu), because the nucleant 
particle sizes in such alloys are relatively large. However, the nucleant particles in the eutectic-
based Zn-Mg alloy are too small (1 ~ 6 µm) compared with the average grain size ( ≥ 100 µm). In 
the PhD thesis, a new modified FIB-TEM process is proposed to effectively prepare site-specific 
TEM thin foil from an ion beam-sensitive Zn-Mg alloy. The process includes deposition of an 
initial protective Pt layer using an electron beam, followed by another Pt coating using ion beam 
with higher efficiency. The first layer sufficiently protects the target area from being exposed to ion 
beam, and the second process ensures efficient deposition and high Pt coating density. When 
welding the lift-out thin foil to Cu grid, it is also suggested to use electron beam for reducing ion 
beam damage. TEM observation indicates that the thin foils, prepared using this new approach, are 
of high quality.  
      The samples are as-cast Zn-0.6wt.% Mg alloy, which was cut into rectangular pieces 
(~10.0×5.0×1.0mm) using a precision diamond cutting saw, then embedded in a resin followed by 
automatic metallographic polishing using a Struers® instrument. Site-specific TEM foils were 
milled out from a bulk sample by Helios Nanolab 600 dual beam SEM/FIB, and the in-situ lift-out 
procedure was used to secure the TEM foil on an Omniprobe® TEM grid. All the TEM samples 
were then examined in a JEOL 2100 TEM at 200kV. More details about this FIB-TEM method can 
be found in chapter 8. 
37
 
 
Chapter 4 Development of Novel Grain Refiners for Cast Zn 
4.1 Chapter overview 
      In this chapter, four novel grain refiners, i.e. Zn-10wt.% Ag, Zn-18wt.% Cu, Zn-60wt.% Mg 
and Zn-6wt.% Al, were developed. The grain refining efficiency of these four grain refiners was 
also experimentally verified through foundry test. Variation of grain size with solute contents 
follows a “V” shape rule in the peritectic-based alloy systems. Further, the effect of both peritectic-
forming elements (Ag and Cu) and eutectic-forming elements (Mg and Al) on the grain refinement 
of cast Zn is characterized using growth restriction factor (Q), undercooling parameter (P) and the 
freezing range (∆T), respectively. All peritectic (or eutectic)-forming elements can generate 
effective grain refinement in cast Zn, even though they have different growth restriction factor, Q. 
There is no single parameter that can explain all experimental results.   
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Communication
The Effect of Solute Elements
on the Grain Refinement of Cast Zn
ZHILIN LIU, FENG WANG, DONG QIU,
JOHN A. TAYLOR, and MINGXING ZHANG
The eﬀect of both peritectic-forming elements (Cu and
Ag) and eutectic-forming elements (Mg and Al) on the
grain reﬁnement of cast pure Zn was investigated. It is
found that these four alloying elements lead to eﬀective
grain reﬁnement of cast pure Zn, although they have
diﬀerent values of growth restriction factor (Q). Mg
and Al seem to have better grain reﬁning eﬃciency for
cast pure Zn than Cu and Ag. These results raise
questions regarding the mechanisms of grain reﬁnement
in Zn-based alloys, and therefore further studies are
required.
DOI: 10.1007/s11661-013-1861-1
 The Minerals, Metals & Materials Society and ASM
International 2013
Because of the good corrosion resistance, sound
damping properties, low melting temperature, and good
casting dimensional tolerance,[1–3] zinc and its alloys are
normally used as cast in transportation, electronic, and
electrical industries. However, cast pure zinc is associ-
ated with low strength and very coarse grains. The latter
leads to low ductility and brittle fracture of components
during service.[2,4] Hence, pure zinc is normally alloyed
with Al, Mg, and Cu to reﬁne the microstructure and
improve the strength. It has been predicted that the well-
reﬁned zinc alloys have the potential to partially replace
cast Al or Cu alloys as structural and pressure-tight
components[4] and to replace bronze to be used in
mining engineering.[5] However, how the addition of
alloying elements will aﬀect the grain size in the cast zinc
alloys has never been comprehensively studied, and the
actual grain reﬁnement mechanism is also beyond
understanding. Up to date, most studies on grain
reﬁnement of cast metals are focused on aluminum,[6–8]
magnesium,[9,10] and titanium alloys.[11] Unlike Al, Mg,
and their alloys, in which reliable grain reﬁners are well
developed, no practical grain reﬁners are available for
cast zinc and its alloys. The question is whether the grain
reﬁnement theories/models developed in the three light
metals can be directly used to cast Zn alloys.
Addition of solutes is regarded as an eﬀective
approach to reﬁne the grains of cast metals and has
been widely studied by a number of researchers in light
metals.[12–19] It is generally considered that the forma-
tion of the constitutional undercooling zone at the front
of the solid/liquid interface during solidiﬁcation pro-
motes nucleation and therefore results in smaller grains.
Youdelis[20] believed that adding solute increases the
nucleation entropy and therefore increases nucleation
rate. The eﬀect of solutes on grain size evolution can
also be characterized using three undercooling param-
eters, i.e., the growth restriction factor (Q), undercool-
ing parameter (P),[18,21,22] and the freezing range
(DT),[15] as shown in Figure 1. These parameters are
related to the degree of grain reﬁnement. The calculation
of Q and P is given by Eq. [1].
Q ¼ mCoðk 1Þ; P ¼ mCoðk 1Þ=k; ½1
where m is the liquidus gradient, Co is the solute con-
centration, and k is the equilibrium partition coeﬃ-
cient.[21] Equations [2] to [3] and [4] to [5] are used to
approximate DT for binary peritectic and eutectic
alloys:
DTpe ¼ P; Co  Cm ½2
DTpe ¼ Tpe  Tm
 
Cpe  Co
 
=Cpe; Cm<Co  Cpe
½3
DTeu ¼ P; Co  Cm ½4
DTeu ¼ Tm  Teuð Þ Ceu  Coð Þ=Ceu; Cm<Co  Ceu;
½5
where the subscripts, pe and eu, are designated as peri-
tectic system and eutectic system, respectively; Tpe is
the peritectic temperature and Teu is the eutectic tem-
perature; Tm is the melting temperature of pure Zn;
Cpe and Ceu are the peritectic and eutectic composi-
tion, respectively; and Cm is the maximum solubility of
the selected elements in Zn. Detailed deﬁnitions of
these parameters in Eqs. [2] through [5] can be found
in Figure 1. The relationship between the grain size of
as-cast pure Zn and the Q, P, or DT values will be cor-
related as follows.
Moreover, previous work[23,24] on cast Al and Mg
alloys indicates that both the heterogeneous nucleation
and peritectic reaction also play an important, even
key, role in grain reﬁnement of cast metals. For
example, adding Ti into pure Al and Zr into pure Mg
can eﬀectively reduce the as-cast grain size of Al and
Mg. In addition to the high Q-values of Ti in Al and Zr
in Mg, Ti and Zr are also peritectic-forming elements in
Al and Mg, respectively. Recently, Wang et al.[17]
reported that addition of peritectic-forming elements,
i.e., V, Zr, and Nb, eﬀectively reﬁnes the grain size of
cast pure Al. But, the grain reﬁning eﬃciency of adding
eutectic-forming elements, i.e., Mg, Cu, and Si, is
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ignorable even though the addition leads to the same
level of Q-values. Therefore, it is concluded that
peritectic reaction is essential in grain reﬁnement of
cast Al. In order to clarify whether previously estab-
lished grain reﬁnement theories/models can be directly
used in cast pure Zn, two peritectic-forming elements,
Cu and Ag, and two eutectic-forming elements, Al and
Mg, were used to investigate their grain reﬁning
eﬃciency in cast Zn.
Designed master alloys, i.e., Zn-18 wt pct-Cu, Zn-
10 wt pct-Ag, Zn-60 wt pct-Mg, and Zn-6 wt pct-Al,
were prepared in an induction furnace, and then
diﬀerent amount of solutes were added into the molten
pure Zn at 873.15 K(600 C) to produce various binary
alloys using these master alloys. After 20 minutes’
inoculation, the melts were cast into / 309 40 mm
cylindrical graphite molds that had been preheated to
the same temperature as the melts. The cooling rate of
the liquid Zn alloy in the mold, measured by an N-type
thermocouple, was within the range from 0.5 to
1 K/s(C/s). Metallographic specimens were trans-
versely sectioned ~10 mm from the bottom of the
cylindrical ingots. Average grain sizes on the whole
cross section were used to measure the grain reﬁning
eﬃciency even though the grain size may vary with the
position within the ingots. The linear intercept technique
(ASTM 112-10) was used to measure the grain sizes.
Reliability of individual grains in the as-cast binary Zn
alloys was proved using a JEOL 6460 scanning electron
microscope (SEM) equipped with electron backscatter-
ing diﬀraction (EBSD). Thermodynamic simulation
package, Thermo-Calc, was used to verify the approx-
imated freezing range (DT) between solidus and liqui-
dus.
The actual solute addition levels, the measured grain
size, the growth restriction factor (Q-value), and the
freezing range (DT) are listed in Table I. The variations
of the average grain size with the solute addition
amount are shown in Figure 2. Generally, addition of
these four solutes in Zn eﬀectively eliminates the
Fig. 1—Geometrical illustration of the relationship among Q, P, and DT for (a) Co<Cm, peritectic alloy; (b) Cm<Co<Cpe, peritectic alloy;
(c) Co<Cm, eutectic alloy; (d) Cm<Co<Ceu, eutectic alloy. When Cpe<Co in peritectic alloy, both Q and P retain to be zero since no liquid
occurs below peritectic temperature.
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columnar grains; even the addition level is far below the
maximum solid solubility. When increasing content of
the solute elements in Zn, the average grain size
decreases rapidly at lower level addition of both the
peritectic- and eutectic-forming elements. More addi-
tion only results in marginal reduction of grain size. In
the peritectic systems, i.e., Zn-Cu and Zn-Ag, the
smallest grains are achieved when the addition amount
is up to the maximum solid solubility (Cm), 1.7 wt pct
Cu and 3 wt pct Ag. Further addition of such elements
leads to slight grain coarsening. This result is consistent
with that in Mg-Zr alloys reported by Saha and
Lee.[16,25] But, it diﬀers from the results obtained in
Al binary alloys reported by Wang et al.[17] In cast Al
alloys, the noticeable grain reﬁnement is only produced
when the addition of peritectic-forming elements, i.e.,
Nb, V, and Zr, is over the maximum solid solubility;
and addition of eutectic-forming elements, i.e., Cu, Si,
and Mg, has no evident grain reﬁning eﬀect. However,
in the current Zn-Mg and Zn-Al alloys, the average
grain size signiﬁcantly decreases; even the addition is
below the maximum solid solubility (Cm) of Mg and Al
in Zn. When the addition is over Cm, the reduction of
Zn grain size is very marginal.
Because there has not been much work done on
grain reﬁnement of cast Zn alloys before, the currently
existing grain reﬁnement theories/models developed in
other metals[8,26–28] are used to understand the present
results. Generally, it is considered that potent nucleant
particles play a key role in grain reﬁnement through
enhanced heterogeneous nucleation. The typical
grain reﬁnement theory is related to a peritectic
reaction[17,24,29–31] because the most powerful grain
reﬁners are all associated with a peritectic reaction,
i.e., Al-Ti,[23] Mg-Zr,[10] and Mg-Y-Al[32] systems.
However, the current results are not consistent with
this peritectic-based theory. As shown in Figure 2, the
eutectic-forming elements, Mg and Al, seem to have
better grain reﬁning eﬃciency in cast Zn than the
peritectic-forming elements, Cu and Ag. Growth
restriction factor, which is quantiﬁed by the Q-value
and experimentally veriﬁed, has signiﬁcant eﬀect on
grain size of cast metals.[21,33–35] However, the Q-value
does not always coincide with the grain size of cast Zn.
As listed in Table I, although the maximum Q-values
of Cu and Ag are 3.42 and 19.08, respectively, their
grain reﬁning eﬃciency is very similar. Therefore, the
question is which factor actually governs the grain
reﬁnement in cast Zn alloys.
In the present work, the Q, P, and DT values are
correlated with the experimental results. The variations
of grain size, Q, P, and DT with the solute concentration
are plotted in Figure 3. For pure Zn, the Q, P, or DT is
zero, and a columnar structure is obtained. The average
grain size of cast pure Zn is ~1878 lm. In the peritectic
systems, when the solute addition is below the maximum
solubility (Cm), the grain size decreases with an increase
in the Q, P, and DT values. Around Cm, the peak values
are reached, which correspond to the ﬁnest grains.
Within the hypoperitectic composition range (between
Cm and Cpe in Figure 1), with slight coarsening of the
grains, Q and P values retain constant, but the DT
decreases. Once the solute content is over Cpe, the Q, P,
and DT values sharply drop down to zero with obvious
Table I. Solute Addition Levels, the Measured Grain Size, Growth Restriction Factor (Q), and the Freezing Range (DT) Between
Liquidus and Solidus in Cast Binary Zn Alloys
Peritectic alloys Zn-Cu C 0.25 0.5 1.0 1.5 1.75 2.5 3.0 4.0
d 730.53 662.84 603.99 492.86 278.31 320.75 350.42 450.27
Q 0.50 1.01 2.01 3.02 3.42 3.42 0 0
DT 0.31 0.62 1.24 1.86 1.48 0.50 0 0
Zn-Ag C 0.5 1.0 1.5 2.0 3.0 3.5 4.5 6
d 1077.1 700.00 437.69 354.43 172.04 150.75 200.25 300.00
Q 3.18 6.36 9.54 12.72 19.08 19.08 19.08 19.08
DT 1.20 2.38 3.57 4.76 7.15 6.42 5.00 2.86
Eutectic alloys Zn-Mg C 0.03 0.06 0.10 0.20 0.30 0.45 0.6 0.74
d 455.28 259.26 223.55 163.38 128.51 107.28 84.95 85.14
Q 0.54 1.08 1.80 3.59 5.40 8.09 10.78 13.30
DT 17.97 35.94 56.00 51.87 50.02 47.24 44.46 41.87
Zn-Al C 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2
d 319.09 176.73 152.07 130.08 115.58 114.17 104.43 112.79
Q 1.21 2.41 3.62 4.82 6.03 7.23 8.44 9.65
DT 4.82 9.65 14.47 19.29 24.12 28.94 27.33 25.72
C, d, Q and DT correspond to solute concentration (Wt Pct), grain size (lm), growth restriction factor [K (Celsius)] and the freezing range [K
(Celsius)]. The highlighted data correspond to the addition level around the maximum solubility. Under the same experimental conditions, the
average grain size of cast pure Zn was determined to be 1878 lm.
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coarsening of the grains. In the eutectic systems, both
the Q and P values linearly increase with the solute
content. The DT value peaks at Cm, which corresponds
to a dramatic decrease in grain size when the solute
content is below Cm. Obviously, such variation of the
grain size with solute content cannot be fully explained
using single Q, P, or DT value. Actually, none of these
three parameters can fully correspond to the current
grain reﬁnement results. More likely, the grain reﬁne-
ment is aﬀected by the combination of three parameters
or by other factors that are still beyond our under-
standing. Hence, further studies are undertaken with the
aim to understand the grain reﬁnement mechanism in
cast Zn alloys.
In summary, the addition of both peritectic-forming
solutes (Cu andAg) and eutectic-forming solutes (Mg and
Al) into cast pure Zn can eﬀectively reﬁne the as-cast
grains, although the grain reﬁning eﬃciency varies. This
leads to some new insights into grain reﬁnement of
Zn-based alloys. However, the present results also raise
some questions about the mechanism of grain reﬁnement
in Zn-based cast alloys. The currently available grain
reﬁnement theories/models developed inAl andMg alloys
cannot be directly used to explain the present results.
Future work will focus on answering such questions.
Fig. 2—The evolution of columnar-to-equiaxed transition and the variation of average grain size of the as-cast Zn binary alloys with the addi-
tion of diﬀerent solutes, (a) Zn-Cu alloys with maximum solubility (Cm) 1.7 wt pct Cu; (b) Zn-Ag alloys with Cm 3.0 wt pct Ag; (c) Zn-Mg al-
loys with Cm 0.1 wt pct Mg; (d) Zn-Al alloys with Cm 1.25 wt pct Al. All the scale bars are 500 lm. Electron backscattering diﬀraction (EBSD)
is used to check the reliability of individual grains that are observed in optical microscopy. As an example, inset (I) in (c) is the backscattering
electron microscopy image of the Zn-Mg. Inset (II) is the EBSD mapping of the inset (I), which shows individual grains.
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Chapter 5 Grain Refinement and Improved Tensile Properties 
5.1 Chapter overview 
      In chapter 4, four novel efficient grain refiners have already been developed and verified. 
However, the question/issue that, effect of grain refinement on tensile properties of cast zinc alloys, 
remains unclear. This chapter studies the relationship between grain refinement and tensile 
properties. Six interesting highlights are listed below: 
 Zn-6wt.%-Al is found to be the most practical grain refiner for cast Zn. 
 Empirical relations, between yield strength, grain size, solute content and intrinsic friction, 
are established. 
 Quantify individual contribution of grain-refinement strengthening and solid-solution 
strengthening to the yield stress, respectively. 
 Variation of yield strength follows a Hall-Petch relation in both Zn-Mg and Zn-Al alloys. 
 Solid-solution strengthening is proportional to c0.52 (c represents solute content in atomic 
percent) in dilute Zn alloys. 
 Using an analytical method, the intrinsic friction of cast pure Zn is determined. 
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Effect of grain refinement on tensile properties of cast zinc alloys 
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Effect of grain refinement on tensile properties of cast zinc alloys 
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Abstract 
      The present work provides an insight into the relationships between grain size, solute content 
and tensile properties of binary cast Zn alloys in order to understand the strengthening mechanisms 
in these alloy systems. Four groups of binary cast Zn alloys were investigated. Two groups, Zn-
0.1wt% Mg and Zn-0.5wt% Al, in which the solute contents retained below their maximum solute 
solubilities, were melted and cooled at different cooling rates during solidification. This produced 
different grain sizes, which enables to merely investigate the grain refinement strengthening. 
Different grain sizes in another two groups of alloys were also prepared through adding various 
amounts of solutes (Mg and Al) into the melts, followed by cooling at a fixed cooling rate. In these 
alloys, the combined strengthening mechanisms of grain refinement and solid solution were 
involved. After establishing empirical relations between yield strength, grain size, solute content 
and intrinsic friction, the contributions of grain refinement and solid solution strengthening to the 
yield strength of cast Zn alloys were clarified and understood. Both solid solution strengthening and 
grain refinement strengthening are distinguished and quantified. The present results show that the 
variation of yield strength with grain size follows the Hall-Petch relation in both Zn-Mg and Zn-Al 
systems. Solid solution strengthening is proportional to c0.52 (c represents the solute concentration in 
atomic percentage). The intrinsic friction of pure Zn was also determined to be around 11 MPa 
using an analytical method. 
Key words: Zinc alloys; grain refinement; tensile properties; the Hall-Petch relation; solid solution 
strengthening 
1. Introduction 
      Due to the unique combination of properties, i.e. energy-efficient melting, excellent castability 
and good corrosion resistance, zinc and its alloys are normally used in the electronic, electrical and 
construction industries [1-4]. However, the conventional Zn alloys are not as competitive as cast Al 
alloys, Mg alloys or bronze for the structural and pressure-tight components [5, 6], because Zn 
alloys are prone to low strength and brittle fracture during service, which is associated with the 
coarse grains in cast Zn alloys [2, 6]. It is well recognized that grain refinement can effectively 
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reduce the casting defects, improve homogeneity and increase mechanical properties in most 
metallic materials. Therefore, grain refining cast Zn and its alloys is considered as a practical 
approach to enhance their mechanical properties, widening their applications. Recently, it was 
found that effective grain refinement of cast Zn can be achieved through adding either 0.1 % Mg or 
0.5 wt.% Al into cast Zn using master alloys of Zn-60% Mg and Zn-6wt.% Al [7], respectively. 
However, it was unclear how and to what extent this grain refinement approach can improve the 
mechanical properties of cast Zn alloys. The actual intrinsic friction of cast pure Zn remains unclear. 
In addition, because the grain refinement was achieved through addition of solutes, the question is 
how to distinguish the contribution of grain refinement to yield strength from the contribution of 
solid solution strengthening. Moreover, the effect of addition of different solutes on the mechanical 
properties of cast Zn alloys also needs to be clarified. 
      Strengthening mechanisms have been extensively studied in aluminium alloys [8, 9], 
magnesium alloys [10-14] and steels [15]. Alloys can be strengthened by single or combined 
approaches, including grain refinement [16, 17], solid solution [18, 19], precipitation [14, 20], 
particle dispersion [21] and strain/work hardening [22, 23]. Unfortunately, there is little quantitative 
description of these strengthening components in Zn-based alloys [4, 24], because it is normally 
hard to separate one specific strengthening components from another. For example, when 0.03, 0.06 
and 0.1 wt.% Mg were added into pure Zn, not only the grain size is reduced, but the Mg solute 
content is also increased. Thus, both the grain refinement and the solid solution strengthening 
simultaneously contribute to the increase in final yield strength. The present work aims to 
understand the effects of individual strengthening components, i.e. grain refinement and solid 
solution strengthening in particular, on strength, ductility and fracture characteristics of cast binary 
Zn alloys. First, binary Zn-Mg and Zn-Al alloys with a specified Mg/Al content were cast at 
different cooling rates to obtain a wide range of grain sizes. Therefore, the grain refinement effect 
on the mechanical properties of these specified alloys can be examined because the solute contents 
are fixed. Then, various Zn alloys containing different solute (Mg/Al) contents were prepared at a 
constant cooling rate, so that the combined strengthening of grain-refinement and solid-solution can 
be achieved. Subsequent data analysis enables to clarify the individual contributions of grain 
refinement and solid solution to yield strength of these cast Zn binary alloys. 
2. Experimental procedure 
2.1. Alloy preparation 
      To distinguish the contributions of grain refinement and solid solution strengthening to the final 
strength, four groups of Zn alloys were prepared in electrical resistance furnace through melting 
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pure Zn at 600C and adding different types and different amounts of alloying elements in the form 
of master alloys. The master alloys used are Zn-60wt.% Mg and Zn-6wt.% Al, of which the 
preparation were previously described elsewhere [7]. The melts of these binary alloys were then 
cast into cylindrical graphite moulds with 30 mm in diameter and 180 mm in length, followed by 
solidification at various cooling rates. The average cooling rates were measured using an N-type 
thermocouple. For each alloy, four cylindrical ingots, which have the same composition and were 
produced with the same cooling rate, were cast. Three were used for machining tensile samples and 
one for microstructure analysis. Details of the chemical compositions and the cooling rates of the 
cylindrical Zn alloy ingots are described as follows: 
(1) Two groups of Zn alloys had specified chemical compositions of 0.1wt% Mg and 0.5wt.% 
Al, respectively. Each group includes five alloys with the same composition.  After melting, 
they were cooled from the same pouring temperature using five different cooling methods as 
listed in Table 1. Therefore, different cooling rates were achieved, which in turn resulted in 
the difference in the as-cast grain size of ingots. Based on previous work [7], these two fixed 
compositions below the maximum solid solubilities (Cm) were designed to avoid formation 
of eutectic structure, but can still achieve significant grain refinement. They were used to 
investigate the strengthening effect resulted only from grain refinement. 
Table 1. Different cooling methods used for cooling the cylindrical ingots to achieve various 
grain sizes 
No. Cooling method Average cooling rate (oC/s) 
1 600 oC pre-heated mould, cooled in 600 oC furnace 0.06 
2 420 oC pre-heated mould, cooled in 420 oC furnace 0.08 
3 400 oC pre-heated mould, cooled in air 0.65 
4 600 oC pre-heated mould, cooled in air 1.0 
5 25 oC pre-heated mould, cooled in air 4.5 
 
(2) Another two groups of ingots were cooled at a fixed cooling rate (1 oC/s).  However, each 
group contains four alloys with various solute contents. Zn-Mg group: Zn-0.0% Mg,  Zn-
0.03% Mg, Zn-0.06% Mg and Zn-0.1wt.% Mg; Zn-Al group: Zn-0.0%Al, Zn-0.25% Al, Zn-
0.5% Al and Zn-1.0 wt.% Al. These solute contents were designed to be below the 
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corresponding Cm values in order to eliminate the effect of eutectic structure. Then, these 
ingots were held at 250 oC for 3 hours. According to previous work [7], increasing the solute 
contents led to grain refinement of Zn alloys. Thus, these two groups of alloys were used to 
study the combined strengthening effects from grain refinement and solid solution. 
2.2. Tensile test 
      Cylindrical ingots were machined into standard tensile samples with 12.5 mm gauge length and 
6.0 mm gauge diameter. Then, tensile test was carried out in an INSTRON® testing machine at a 
crosshead speed of 0.5 mm/s. The tensile strain was measured using a pair of extensometers that 
were attached to the tensile samples. 0.2% proof stress was measured and treated as the yield 
strength. The presented yield stress and elongation are average values obtained from three tensile 
samples which were machined from the same ingots. 
2.3. Microstructural characterization 
      Metallographic samples were transversely cut at the middle of the cylindrical ingots. After 
mechanically grinding and polishing, the Gennone-Kersey etching solution (84% distilled water, 15% 
H2SO4 and 1vol.% HF) was used to etch the samples for metallographic examination. All the 
metallographic samples were examined in a Leica® polarised optical microscope (OM) to measure 
the grain sizes. Average grain sizes were measured using the linear intercept technique (ASTM 112-
10) and the Spot32 image analysis software installed in the Leica® OM. Phases in each alloy were 
identified using X-ray diffraction (XRD) in a Bruker D8 diffractometer. XRD was operated at 40 
kV with Cu-K radiation (wavelengths λkα1 = 1.54056 Å). The fracture surfaces of tensile samples 
were further characterized in detail using a JEOL 7001 scanning electron microscope (SEM). 
3. Results 
3.1. Tensile property vs. grain size      
      Fig. 1 shows typical as-cast micrographs of Zn-0.1wt% Mg and Zn-0.5wt% Al alloys prepared 
using different cooling methods during solidification. As expected, the fast cooling produced finer 
equiaxed grains. The variations of average grain size with cooling rate for both alloys are plotted in 
Fig. 2. It can be seen that the as-cast grain sizes were reduced by ~ 80% in both alloys when 
increasing the cooling rate from 0.06 to 4.5 C/s. The engineering stress-strain curves of these 
alloys with different grain sizes and their elongations are presented in Fig. 3. It can be seen that both 
the yield strength and elongation are concurrently increased with the reduction of grain size. 
Compared with Zn-0.1wt.% Mg, Zn-0.5wt.% Al exhibits relatively larger tensile strains at fracture. 
On the stress-strain curves, the onset necking only occurs in the Zn-Al alloys, which implies a 
51
higher elongation (see Fig. 3c). At the fastest cooling rate that corresponds to the smallest grains, 
the elongations of Zn-0.1wt.% Mg and Zn-0.5wt.% Al are 1.65 and 4.7%, respectively. 
 Fig. 
1. Typical optical micrographs showing the as-cast grains of the Zn-0.1wt% Mg and the Zn-0.5wt% 
Al alloys prepared using different cooling methods: (a1) Zn-0.1% Mg with an average cooling rate 
of 0.06C/s; (b1) Zn-0.1% Mg with an average cooling rate of 1.0C/s; (c1) Zn-0.1% Mg with an 
average cooling rate of 4.5C/s; (a2) Zn-0.5% Al with an average cooling rate of 0.06C/s; (b2) Zn-
0.5% Al with an average cooling rate of 1.0C/s; (c2) Zn-0.5wt.% Al with an average cooling rate 
of 4.5C/s. 
  
Fig. 2. The average grain sizes plotted against the average solidification cooling rate for both Zn-
0.1wt% Mg and Zn-0.5wt% Al alloys. 
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Fig. 3. Typical engineering stress-strain curves and elongations of the two groups of Zn alloys with 
different grain sizes: (a) the Zn-0.1wt.% Mg alloy, (b) the Zn-0.5wt.% Al alloy; (c) the variation of 
elongation with grain sizes in different groups of alloys. The samples treated using the same cooling 
methods have the same colour. The number in parentheses is consistent with the cooling method 
listed in Table 1. 
3.2. Tensile property vs. solute content 
      In order to clarify the contributions of grain refinement and solid solution to the strengthening 
of the Zn alloys, another two groups of alloys (Zn-Mg group and Zn-Al group) were prepared with 
a fixed solidification cooling rate of 1 C/s. Each group consists of four alloys with different solute 
contents as described in section 2.1. Previous work [7] indicated that adding solutes into Zn can also 
lead to significant grain refinement. Hence, any increase in strength of these two groups of Zn 
alloys resulted from both grain refinement strengthening and solid solution strengthening. Because 
the highest solute content added is still below the maximum solid solubility, there should be no 
formation of intermetallic compound or eutectic structure, which will be verified later. Fig. 4 
presents optical micrographs showing the refined grains after adding various amounts of Mg/Al 
solutes into Zn. Coarse columnar grains associated with [11̅01]/(11̅02) twins are observed in pure Zn 
as shown in Fig. 4(a0). In all other alloys, equiaxed grain structures are obtained as shown in Figs. 4 
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(a1) – (b2). The average grain sizes, measured using the linear intercept technique, are marked on 
the figures. As only columnar structure was obtained in pure Zn, the effective grain size is an 
average value of the length and width of columnar grains. Microstructures of the Zn-0.1wt.% Mg 
and Zn-0.5wt.% Al alloys cooled at 1 C/s are already present in Figs. b1 and b2, respectively. Fig. 
5 shows the variations of yield strength and elongation with solute content in the two groups of Zn 
alloys. With increase in solute content, the yield strength also increases in all alloys. Obviously, this 
is attributed to the combined effect of solid solution strengthening, which reduces ductility, and 
grain refinement that concurrently increases both strength and ductility. Compared with Al, Mg 
marginally improves the elongation of Zn alloys even though it increases the yield strength 
substantially.  
 
Fig. 4. Optical polarized micrographs showing the as-cast grains of  Zn-Mg and Zn-Al alloys with 
different Mg/Al contents prepared with a constant solidification cooling rate of 1.0 C/s: (a0): pure 
Zn; (a1) Zn-0.03% Mg; (b1) Zn-0.06% Mg; (a2) Zn-0.25% Al; (b2) Zn-1.0wt.% Al. Grain 
boundaries of columnar grains in (a0) are highlighted by the black solid line. 
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  Fig. 
5. Yield strength and elongation of the two groups of Zn binary alloys with various solute contents 
(in weight percent). The highest addition of solute in each group of Zn alloy is below the maximum 
solid solubility [25]. All specimens were cast at the same fixed cooling rate. 
3.3. Fracture surface 
      After tensile tests, the fracture surfaces of cast Zn alloys were examined in a scanning electron 
microscope (SEM). The Zn-0.5wt% Al alloy, especially solidified at higher cooling rates, show 
greater strain to failure indicating better ductility. In addition, the stress-strain curves show onset of 
necking region (see Fig. 3b); however, fractographic images and discussions point only at a 
predominantly brittle mode of failure. Fig. 6 shows fractography of the tensile samples. All alloys 
exhibit a brittle failure mode even within a wide range of grain sizes. Like most cast metals, all Zn 
alloys primarily exhibit brittle fracture mode, which is a typical feature of cast alloys. This implies 
that it is hard to change the primary brittle fracture mode of Zn binary cast alloys through grain 
refinement even though the Zn-0.5wt% Al alloy, produced using the highest solidification cooling 
rate, has an elongation of  4.7%. 
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Fig. 6. Fracture surface of the tensile samples produced using different cooling rates: (a1) Zn-0.1% 
Mg, 0.06 C/s; (b1) Zn-0.1% Mg, 1.0 C/s; (c1) Zn-0.1% Mg, 4.5 C/s; (a2) Zn-0.5% Al, 0.06 C/s; 
(b2) Zn-0.5% Al, 1.0 C/s; (c2) Zn-0.5wt.% Al, 4.5 C/s. 
4. Discussion 
      XRD spectra of the alloys, corresponding to the samples shown in Figs. 3 and 5, are presented 
in Figs. 7a and 7b, respectively. XRD examination verifies that only η-Zn phase (solid solution) 
was detected and no detectable secondary phase was observed in all Zn binary alloys. Thus, the 
major strengthening mechanisms in those alloys will be grain refinement strengthening and solid 
solution strengthening. 
 
Fig. 7. XRD spectra of all Zn binary alloys: (a) Two groups of alloys with a fixed composition in 
each group (produced using different solidification cooling rates); (b) Two groups of alloys 
containing various solute contents (produced using the same fixed solidification cooling rate). 
4.1. Grain refinement strengthening 
      As shown in Figs. 3a-b, the alloys with finer grains (produced at higher solidification cooling 
rate) have higher yield strength. In the Zn-0.5wt% Al alloys, higher elongation was also achieved. 
However, in the Zn-0.1wt% Mg alloys, the improvement of elongation is very marginal even at the 
smallest grains, as indicated in Fig. 3c. Because there is no secondary phase detected, the increase 
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in strength in each group of alloys is predominately attributed to grain refinement. Plotting the yield 
strength against the reciprocal of square root of the average grain size, d -1/2, as shown in Fig. 8, it 
can be seen that the yield strength of both Zn-Al and Zn-Mg alloys obeys the Hall-Petch (H-P) 
equation [11, 16, 17] very well:  
 σy = σyo + kH-Pd 
-1/2                                                        (1) 
where σy (MPa) is the experimental yield strength, σyo (MPa) represents the friction stress, kH-P 
(MPa·m1/2) is termed as the H-P coefficient and d is the average grain size. In the present work, σyo 
and σo are used to denote the friction stress of an alloy and the intrinsic friction stress of a pure 
metal, respectively. This is because σyo contains the solid solution strengthening component. Based 
on Fig. 8, the determined H-P equations are:  
For Zn-0.1wt.% Mg alloys: 
    σy = 35.89 + 0.58d 
-1/2                                       (2) 
For Zn-0.5wt.% Al alloys:   
σy = 48.08 + 0.56d 
-1/2                                                  (3) 
Thus, the component of grain refinement strengthening, σgr, in the dilute Zn alloys can be expressed 
as: 
σgr = kH-Pd 
-1/2                                                             (4) 
The determined kH-P values, which are associated with the resistance to transferring slip [26], are 
0.58 and 0.56 MPa·m-1/2 for dilute Zn-Mg and Zn-Al alloys, respectively. The very similar kH-P 
values for Zn-Mg and Zn-Al alloys indicate that both alloys have similar grain refinement 
strengthening effect. Generally, the strengthening coefficient of the H-P equation varies with crystal 
structure, textures of metals, chemical composition and processing [11, 27]. The kH-P value, 
determined at a strain rate of 7.8 × 10-3/s by Cook [28] is ~ 1.5 MPa·m-1/2 for an extruded Zn-0.2 
wt.% Al alloys with grain sizes ranging from 1.6 to 7.2 µm. Armstrong [24] reported the kH-P value 
of extruded pure Zn (with grain size of 25 ~ 110 µm) is 0.22 MPa·m-1/2. The currently determined 
kH-P values in cast Zn alloys lie between the values reported by Cook and Armstrong. The higher σyo 
value for the Zn-0.5wt% Al alloy is attributed to the higher solid solution strengthening. Compared 
to Zn-0.1 wt.% Mg, Zn-0.5wt.% Al possesses higher solute content. The lower ductility of Zn-
0.1wt.% Mg alloy than that of the Zn-0.5wt.% Al at the same level and grain size is unknown. In 
terms of Zn-Mg and Zn-Al binary phase diagrams, intermetallic compounds form between Zn and 
Mg, but not between Zn and Al. This implies that Zn atoms and Mg atoms have high affinity. Thus, 
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even no intermetallic compounds were detected through XRD, there are probably some clusters or 
ordered structures in the solids, which leads to low ductility. Further investigation is being 
undertaken. 
 
Fig. 8. The yield strength plotted as a function of d -1/2 for (a) the Zn-0.1wt.% Mg alloys and (b) the 
Zn-0.5wt.% Al alloys.  
4.2. Combined strengthening from grain refinement and solid solution 
      Addition of solutes into pure Zn not only leads to solid solution strengthening (SS), but also 
results in grain refinement (GR). Hence, the determined yield strength shown in Fig. 5 also involves 
contributions from grain refinement strengthening. The combined effects can be expressed using the 
following equation [29]. 
σy  = σo + kssc
 n + kH-Pd
 -1/2                                                (5) 
σyo = σy – kH-Pd
 -1/2 = σo + kssc
n                                           (6) 
where σy (MPa) is the experimentally determined yield strength, kss (MPa·(at.)
-n) represents a fitting 
coefficient, c is the solute content in atomic weight percent, and the value of n is usually selected to 
be 1/2 ~ 2/3 [29, 30]. Definition of other parameters can be found in Eq. 1. As Eqs. 1 and 4 are 
normally for equiaxed grains, they are not valid to evaluate the tensile property of cast pure Zn, 
where the columnar grain structure was obtained in all samples. Hence, the discussion on the 
combined solid solution and grain boundary strengthening is based on the Zn-Mg and Zn-Al alloys. 
The contribution of each strengthening component to the final yield strength is schematically 
demonstrated in Fig. 9a. Because of the low solute concentration, it is reasonable to make following 
assumptions: (1) the effect of solid solution strengthening on the intrinsic friction can be negligible; 
(2) the solid solution strengthening is proportional to the cn values with a constant Kss value; (3) 
there is little changes of the kH-P value with low solute content; (4) because all the ingots used in the 
58
present work were produced using the same pure Zn as raw materials, the effect of impurities in the 
raw material on the Kss values is ignored. The contribution of these impurities to the yield strength 
is embedded into the intrinsic friction stress, σo. For dilute Zn-Mg and Zn-Al alloys, they should 
possess the same intrinsic friction stress that is only associated with pure Zn, as demonstrated in Fig. 
9b. Hence, substituting the average kH-P value of Zn-Mg and Zn-Al alloys into Eq. 5, three equations 
for the Zn-0.03wt.% Mg (or Zn-0.01at.% Mg) alloy, the Zn-0.06wt.% Mg (or Zn-0.02at.% Mg) 
alloy and the Zn-0.1wt.% Mg (or Zn-0.04at.% Mg) alloy can be deduced as follows: 
σy (0.01at.%  Mg) = σo (Zn-Mg) + Kss(0.01)
n + 0.58d -1/2                                   (7) 
σy (0.02at.% Mg) = σo (Zn-Mg) + Kss(0.02)
n + 0.58d -1/2                                    (8) 
 σy (0.4at.%  Mg) = σo (Zn-Mg) + Kss(0.04)
n
  + 0.58d
 -1/2                                    (9) 
Although solving this equation group can obtain the values of o, Kss and n. It was very complicated 
to solve this equation group mathematically. Hence, an analytical method is used.  Substituting the 
grain sizes shown in Fig. 1(b1), Figs. 4 (a1) and (b1) into Eqs. 7-9, the yo values of the Zn-Mg 
alloys can be plotted against cn values. Similarly, the yo values of the Zn-Al alloys were plotted 
against cn values after substituting the grain sizes (in Fig. 1(b2), Figs. 4 (a2) and (b2)) into Eq.5, 
respectively. Selecting a right n-value enables (a) linear relations between the yo and the c
n for both 
the Zn-Mg and the Zn-Al alloys, and (b) the two straight lines intercept at the same point on the yo-
axis (see Fig. 9b). This intercept is the value of o and the slops of the two straight lines are the Kss 
values for Zn-Mg and Zn-Al alloys, respectively. The n-values were selected in between 1/2 and 2/3 
[29, 30]. The analytical calculation results show that when the n-value equals to 0.52, both Zn-Mg 
and Zn-Al alloys have the same o value (11.02 MPa), as shown in Fig. 10. The corresponding Kss 
values are 139.93 MP(at.)-0.52 for Zn-Mg alloys and 83.60 MP(at.)-0.52 for Zn-Al alloys. The higher 
Kss value for Zn-Mg alloys implies a higher solid solution strengthening of Mg atoms in Zn alloys 
than that of Al atoms. Hence, the Zn-Mg alloys show lower ductility than the Zn-Al alloys. 
However, due to the low maximum solid solubility (Cm value) of Mg in Zn (Cm = (0.1 wt.%), 
contribution of the solid solution strengthening to the yield strength is marginal compared with the 
Zn-Al alloy that has much higher Cm value (~1.5 wt.%).  
      Based on above analysis, the yield strength of cast binary Zn alloys can be expressed as:  
For Zn-Mg alloy: 
σy  = 11.02 + 139.93c
 0.52 + 0.58d -1/2                             (10) 
For Zn-Al alloy: 
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σy  = 11.02 + 83.60c
 0.52 + 0.56d -1/2                              (11) 
In pure Zn, although columnar grains were obtained, using the effective grain size and based on the 
obtained σo value and the average H-P coefficient (kH-P) of Zn-Mg and Zn-Al alloys, the yield 
strength of pure Zn can be calculated. The effective grain size of columnar Zn grains is ~ 3590 µm 
as shown in Fig. 4(a0). The average kH-P value is 570 MPa·m
-1/2, so the grain boundary 
strengthening in pure Zn can be quantified as 570/(3590)-1/2 MPa. Thus, the calculated yield 
strength of pure Zn is 11.02 + 570/(3590)-1/2 = 20.53 MPa. This value is very close to the 
experimentally determined yield strength (18.62 ± 1.08 MPa) of pure Zn, as presented in Fig. 5a. 
This evidences the correctness of the analytical method above. 
 
Fig. 9. (a) Schematic illustration of different strengthening components, i.e. grain-refinement and 
solid-solution, in current dilute binary Zn alloys. (b) Schematic illustration of the variation of yo 
value with cn value. For the right n-value in (b), linear variations are obeyed and the two straight 
lines’ intercepts should coincide at the same point on the yo-axis, which is the σo value. The slop of 
the straight line is the solid solution coefficient (𝐾𝑠𝑠 value). 
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Fig. 10. Variation of σyo with the c
n value (n = 0.52) for Zn-0.1wt.% Mg and Zn-0.5wt.% Al alloys. 
c represents the solute concentration in at.%. 
      The above method to evaluate strengthening mechanism is valid for equiaxed (or near equiaxed) 
grains only. Previous studies showed that both solute content and cooling rate can promote the 
formation of equiaxed grains, leading to grain refinement [31-34]. Easton and StJohn developed an 
analytical mode to evaluate the combined effects of cooling rate and solute content on grain size in 
casting and ingot [35]. The grain size, d, can be expressed using  Eq. 12 [35]. 
𝑑 =
𝑎′
√𝑓(?̇?)𝑁𝑣
3 +  
𝑏′∆𝑇𝑛
𝑄·?̇?1/2
                                                (12) 
where 𝑓(?̇?), 𝑁𝑣, Q, ?̇? and ∆𝑇𝑛 are designated as the fraction of activated native nucleants, density of 
nucleants, growth restriction factor, cooling rate and a critical undercooling for nucleation, 
respectively. 𝑎′ and 𝑏′  are two fitting coefficients. For practical application, Eq. 12 is usually 
simplified as Eq.13 in which a and b are two fitting coefficients associated with the grain refining 
efficiency. 
   𝑑 = 𝑎 +  
𝑏
𝑄·?̇?1/2
                                                      (13) 
The growth restriction factor Q is defined to be Q = com(k-1) [33, 36, 37], where co, m and k refer to 
solute content, liquidus slop and partition coefficient, respectively. For a constant solute content, the 
grain side (d) can be plotted as a linear function of 1 √Ṫ⁄ , as indicated in Fig. 11a. For a constant 
cooling rate, plotting the grain side (d) against 1/Q, the linear relationship is given in Fig. 11b. Fig. 
11 implies that the present work agrees well with the analytical model developed by Easton and 
StJohn. 
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 Fig. 11. Grain sizes of tensile samples plotted against (a) the inverse of square root of the average 
cooling rate, 1 √Ṫ⁄ , and (b) the inverse of growth restriction factor, 1/Q. Values of correlation 
coefficient (R2), intercepts and slopes of the best linear fitting equations are imposed on respective 
figures. 
 
5. Conclusion 
1. Both addition of solutes, such as Mg and Al, and increase in solidification cooling rate can 
significantly lead to grain refinement of cast Zn binary alloys. Grain refinement of Zn alloys 
not only results in significant improvement of yield strength, but also enhances the ductility 
of cast alloys. Al is particularly effective. 
 
2. Fractographic examination of the post-deformed tensile samples by SEM indicates that the 
brittle fracture mode predominates even the grain size of cast binary Zn alloys was reduced 
from over 3000 to 90 µm. The onset necking only occurred in the Zn-0.5 wt.% Al alloy that 
possesses  the smallest grain size. 
 
3. In the case that grain-refinement is achieved through addition of solutes, the combined 
strengthening from grain boundary and solid solution contributes to the yield strength. The 
effect of grain refinement on yield strength obeys the Hall-Petch relation. Both the Zn-Mg 
and Zn-Al alloys have similar grain refining strengthening due to the very close H-P 
coefficient. The solute contribution to yield strength is proportional to c0.52, where c is the 
chemical composition in atomic percentage. Mg solute is associated with higher solid 
solution strengthening than Al. 
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4. The intrinsic friction stress of cast pure Zn was determined to be 11.02 MPa. Individual 
contributions of grain-refinement and solid-solution to the yield strength of cast binary Zn 
alloys can be quantified as follows: 
For Zn-Mg alloy: 
                            σy  = 11.02 + 139.93c
 0.52 + 0.58d -1/2  
For Zn-Al alloy: 
                                                         σy  = 11.02 + 83.6c
 0.52 + 0.56d -1/2                
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Chapter 6 Grain Refinement of Cast Zn through Silver Inoculation 
6.1 Chapter overview 
      In chapter 5, the strengthening mechanism of grain refinement in cast Zn alloys was 
investigated. It was found that grain refinement can improve both strengthen and ductility. This 
chapter investigates the grain refinement mechanism of Ag in cast Zn. The role of Ag in grain 
refining cast Zn at different addition levels was fully elucidated. The reduction in the average grain 
size of cast Zn is sensitive to Ag content. Below and above the maximum solute solubility (Cm), Ag 
behaves in different manners when grain refining cast Zn. The reproducible in-situ formed nucleant 
particles, with dendritic morphology (different from reported facet/sphere), are identified over Cm to 
be the pro-peritectic AgZn3 phase using thermal analysis, SEM and electron probe. For the first 
time, a new reproducible HCP-HCP OR between AgZn3 and Zn was experimentally determined 
using EBSD and an Euler-based numerical method. This HCP-HCP OR agrees well with the E2EM 
model-predicted results. Then, based on the free growth mode, the effect of particle size and size 
distribution on grain refinement was also analysed. Finally, the mechanism, involved in the grain 
refinement of cast Zn through Ag inoculation, is explained using nucleation crystallography, free 
growth model and Interdependence theory. 
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Abstract
Silver (Ag) inoculation was found to signiﬁcantly reduce the average grain size of cast zinc (Zn) by up to 90%. The mechanism of such
grain reﬁnement in cast Zn was investigated through varying the addition level of this peritectic-forming solute. The reduction in grain
size was sensitive to Ag content due to its large growth restriction factor. When the Ag content was over its maximum solid solubility in
Zn, the in situ formed nucleation particles, with dendritic morphology (diﬀerent from the previously reported faceted/spherical shape),
were reproducibly observed near the grain centres in the reﬁned alloys. These particles were determined to be pro-peritectic AgZn3 phase
based on the information from the Zn–Ag phase diagram, results from thermal analysis, phase identiﬁcation and chemical composition.
The high potency of the in situ formed AgZn3 particles, as nucleation sites for Zn grains, was further veriﬁed by electron backscattered
diﬀraction analysis and crystallographic calculation using the edge-to-edge matching model. A new reproducible hexagonal close
packed–hexagonal close packed orientation relationship between AgZn3 particles and Zn matrix was experimentally determined for
the ﬁrst time. In addition, the eﬀect of the particle size and size distribution on the microstructural reﬁnement was also investigated.
Finally, the grain reﬁnement mechanism was elucidated in terms of the nucleation crystallography and the interdependence theory.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Grain reﬁnement; Nucleation crystallography; Growth restriction; EBSD; Zn alloys
1. Introduction
During casting of metals and alloys, inoculation is gen-
erally practised as an important technique to promote
microstructural reﬁnement, i.e. reduction in grain size
and/or transition of columnar structure to equiaxed grains
[1], and to facilitate the downstream mechanical working
and shape-forming [2–4]. For more than six decades, the
mechanism involved in grain reﬁnement of cast metals
through inoculation has been widely studied in light
metals, i.e. Al [3,5,6], Mg [7,8] and Ti alloys [9].
Theories/models and reliable grain reﬁners have been rela-
tively well-developed for Al, Mg and their alloys. However,
it is still unknown whether these theories/models developed
in light metals can be directly applied to other metals. Zinc
and its alloys are normally utilized as-cast in transporta-
tion, electronic and construction industries [10]. They are
the favoured engineering materials for many ﬁelds due to
their typical advantages, i.e. the low melting temperature,
precise casting dimensional control, good corrosion resis-
tance and high recyclability [11]. However, cast zinc always
exhibits coarse grains, associated with low strength, low
ductility and brittle fracture during service [12,13], which
limits its applications. It has been predicted that well-
reﬁned zinc alloys will have potential to serve as structural
and pressure-tight components [12]. Thus, studying the
grain reﬁnement of cast Zn is of theoretical and engineering
signiﬁcance. Unfortunately, the progress in grain reﬁne-
ment of cast Zn has been far slower than that for light
metals, because there are few eﬃcient grain reﬁners
reported for cast Zn, and the relevant reﬁning mechanism
also remains unclear.
http://dx.doi.org/10.1016/j.actamat.2014.07.026
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Peritectic solidiﬁcation plays a signiﬁcant role in the
manufacture of many cast products [14], steel tools [15],
superconductors [16] and magnetic materials [17,18]. It
has long been recognized that peritectic-forming solute ele-
ments contribute to grain reﬁnement during casting or
welding [4,8,19]. In situ formed pro-peritectic intermetallic
compounds can act as nucleants for the peritectic phase,
and these enhanced nucleation events can further promote
grain reﬁnement. However, the peritectic theory of grain
reﬁnement has been considered as invalid, because the
addition of Ti into cast Al at the levels below maximum
solubility, at which it was supposed that no peritectic reac-
tion occurs, can also lead to grain reﬁnement. Recently,
Wang et al. [4,20] revisited the role of peritectic in grain
reﬁnement of Al alloys, which veriﬁed the signiﬁcance of
the addition of peritectic-forming solutes in reﬁning the
as-cast grains. In our early work [10], two peritectic-
forming elements, Ag and Cu, were added to pure Zn
and remarkable grain reﬁning eﬃciency was observed,
although Ag is even better. But there are still a number
of questions to be answered regarding the role of Ag: (1)
What is the predominant grain reﬁnement mechanism at
diﬀerent addition levels, i.e. below or over the maximum
solubility (Cm)? (2) Does any heterogeneous nucleation
occur? (3) If so, is it the pro-peritectic particle/phase that
acts as the nucleation site? (4) How do the nucleation crys-
tallography and particle features contribute to the grain
reﬁnement? To answer these questions, it is essential to
comprehensively investigate the grain reﬁnement behav-
iour/mechanism resulting from the addition of peritectic-
forming elements. In this paper, the grain reﬁnement of
Ag-inoculated cast Zn is studied. The role of Cu will be
addressed in a subsequent paper.
Nucleation crystallography, involved with the interfacial
structure, atomic matching and interface orientation
between nucleant and nuclei, aﬀects grain reﬁnement eﬃ-
ciency through changing the potency of nucleants (or par-
ticles) [21,22]. However, the actual factors that govern the
grain reﬁning potency of the nucleants are yet to be under-
stood. Commonly, the nucleating potency of particles can
be evaluated using the crystallographic atomic matching
(CAM) across the particle/matrix interface [21,23–26].
High CAM reduces the critical undercooling for heteroge-
neous nucleation and further increase the nucleation rate.
A couple of crystallographic geometric models [25,27–29]
were developed to quantify the CAM. One such model,
the edge-to-edge matching (E2EM) model is used in the
current work to analyse the nucleation crystallography
between the nucleant and the matrix. Over the past decade,
the E2EM model [28–31] has already been validated to be
powerful in explaining grain-reﬁning eﬃcacy and predict-
ing new grain reﬁners for Al, Mg and their alloys
[20,21,23,32–38].
The work of Wang and co-workers on binary Al–Zr/Nb
alloys [4,20] showed that the peritectic-forming Zr (or Nb)
element only generates marginal grain reﬁnement in cast Al
when the addition level is below Cm. This is diﬀerent from
the experimental results reported in the binary Zn–Ag/Cu
peritectic alloys [10], where signiﬁcant grain reﬁnement
was achieved even at the addition level below Cm. Actually,
extensive studies on other Al, Mg, Ti and Fe cast alloys
[39–42] also showed that some speciﬁc solutes also make
a great contribution to the grain reﬁnement. Thus, two
questions arise: (1) What properties should a speciﬁc solute
have to eﬀectively grain reﬁne cast metals? (2) What is the
role of the speciﬁc solute in grain reﬁnement at diﬀerent
addition levels? Currently, the eﬀects of solute on grain
reﬁnement are mainly characterized using a phase-
diagram-based parameter, the growth restriction factor
(Q) [10,43–45]. A solute with a higher Q value partitions
strongly ahead of the advancing solid/liquid (S/L) inter-
face, which induces a rapid build-up of constitutional
supercooling (CS). The formed CS zone can provide an
additional driving force to facilitate nucleation and/or the
rejected solute at the S/L interface will restrict growth of
the “previously formed” solid by aﬀecting the S/L interfa-
cial behaviour [41,46,47]. The present work focuses on
investigating the predominant roles of peritectic-forming
Ag in the grain reﬁnement of cast Zn at diﬀerent addition
levels from three perspectives, including thermal analysis,
the nucleation crystallography and the interdependent
eﬀects from speciﬁc solute and potent particle.
2. Experimental
2.1. Casting trials
In order to investigate the eﬀect of Ag on the grain
reﬁnement of cast pure Zn, various amounts of Ag were
added into pure Zn in the form of master alloys. The
master alloy (Zn–10 wt.% Ag) was made using super-
high-purity Zn ingots (99.995% pure), which was melted
in a clay-bonded graphite crucible using an induction fur-
nace, followed by adding compacted Zn–Ag pellets. The
pellets consisted of Ag powder (99.9% pure) and Zn chips.
The whole melting process of the Zn–Ag master alloy was
carried out in a protective atmosphere of argon. In addi-
tion, the inner surface of all crucibles was completely
coated with boron nitride in order to prevent foreign impu-
rities. Eight binary alloys nominally containing 0.5%, 1.0%,
1.5%, 2.0%, 3.0%, 3.5%, 4.5% and 6 wt.% Ag were pre-
pared, respectively. All solute contents in this paper are
expressed in wt.% unless speciﬁed otherwise. The melts
were isothermally held for 20 min at 600 C in the furnace.
After skimming oﬀ the dross and stirring, the melts were
then cast into a 30 mm in diameter and 40 mm long cylin-
drical graphite mould that was preheated to the same tem-
perature as the melts. Additionally, the cooling rates of
ingots were measured using N-type thermocouples. To
determine the diﬀerence between nominal and actual Ag
concentrations, quantitative chemical analysis was carried
out using inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The determined chemical compo-
sitions are listed in Table 1.
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2.2. Microstructural characterization
Metallographic samples were transversely sectioned
10 mm from the base of the as-cast cylindrical ingots.
To reveal the grain boundaries, metallographic samples
were etched using the Gennone–Kersey solution (84%
distilled water, 15% H2SO4 and 1 vol.% HF) and examined
in a Leica polarized optical microscope (OM) ﬁtted with
Spot32 image analysis software. Average grain sizes on
the cross-section, measured by a linear intercept technique
(ASTM 112-10), were used to evaluate the reﬁning eﬃcacy.
Depending on the microstructure, nine ﬁelds from each
sample were examined and more than 60 counts were
obtained in each ﬁeld. Phases in the samples were identiﬁed
using X-ray diﬀraction (XRD) in a Bruker D8 diﬀractom-
eter operated at 40 kV with Cu Ka radiation (wavelengths
kka1 = 1.54056 A˚).
2.3. Electron backscattered diﬀraction (EBSD)
Crystallographic data of the nucleant and Zn matrix
were determined using Kikuchi diﬀraction patterns, which
were acquired through EBSD with an Oxford Instrument
AZtecHKL system at 20 kV. Compositional information,
i.e. element constitution and atomic ratio, was obtained
using energy dispersive X-ray spectroscopy (EDS). A
JEOL 7001 high resolution scanning electron microscope
(HRSEM) was equipped with both EBSD and EDS. 20
pairs of EBSD patterns from nucleation particles and
associated metal matrix were collected. After indexing,
the orientation relationships (ORs) between the nucleation
particles and the Zn matrix were calculated using a recently
developed numerical method [32] based on the Euler angles
measured using the EBSD.
3. Results
3.1. Microstructural evolution induced by various Ag
contents
The aim of grain reﬁnement in cast metals is to achieve
small, uniform and equiaxed grains [1]. The meaning of
grain reﬁnement is twofold. One is the change of grain
morphology, i.e. columnar-to-equiaxed transition (CET).
The other is the reduction of grain size. Typical optical
micrographs of the binary Zn–Ag alloys with diﬀerent Ag
contents are shown in Fig. 1. It can be seen, from
Fig. 1a–c, that the equiaxed grains gradually replace the
columnar structure with increase in Ag content. This indi-
cates that the addition of Ag into cast pure Zn can eﬀec-
tively promote the CET, even though the addition
amount is still below the maximum solute solubility
(Cm = 3 wt.%). Fig. 1c–e shows that the size of equiaxed
grains continuously decreases until the smallest grain size
is achieved at 4.5% Ag. Then, further addition of Ag over
4.5% resulted in the slight grain coarsening as shown in
Fig. 1f.
The variation of the average grain size of the cast Zn
with Ag addition level is plotted in Fig. 2. The average
grain size of the as-cast pure Zn is 1878 lm (cast at
600 C with a cooling rate of 1 C s1). The best grain reﬁn-
ing eﬃciency was obtained at the addition level of 4.5% Ag,
where the grain size was reduced to 100 lm. The alloy
composition corresponding to the smallest grains is in the
hypoperitectic zone (Cm < Co < Cp), where Cp represents
the solute concentration at the peritectic point. In a previ-
ous report [10], the smallest grain size was obtained at
3.5% Ag, which diﬀers from the current results shown
in Figs. 1 and 2. This is because the polishing and etching
techniques applied in the present work have been substan-
tially improved compared to that used previously [10],
which enabled the exploitation of more details of the
microstructure. The inset in Fig. 2 shows the grain size
distributions of the as-cast pure Zn and the as-cast Zn–
4.5 wt.% Ag alloy with the smallest grains.
3.2. Identiﬁcation of nucleation particles in hypo-peritectic
Zn–Ag alloys
Two typical cooling curves and dT/dt curves of Zn
alloys with diﬀerent Ag contents, together with the Ag–
Zn phase diagram, are illustrated in Fig. 3. When Ag
content is over Cm (3%), a sharp peak appears prior to
the nucleation of Zn on the dT/dt curve, as pointed by
Table 1
Concentrations of major solute elements in the as-cast master alloys, and the nominal and actual Ag content of the eight binary Zn–Ag alloys.
Master alloy Zn–10wt.%-Ag Chemical composition determined by ICP-AES (all in wt.% unless speciﬁed otherwise)
Zn Cu Ag Mg Al Fe Ni Sn Mn Cr Pb Cd
.Bal .001 9.97 ± 0.1 .001 .001 .002 .001 .002 .001 .001 .002 .001
Reﬁned samples Sample No. Nominal addition Determined content
1 0.50 Ag 0.51 Ag
2 1.00 Ag 1.04 Ag
3 1.50 Ag 1.51 Ag
4 2.00 Ag 2.03 Ag
5 3.00 Ag 2.97 Ag
6 3.50 Ag 3.20 Ag
7 4.50 Ag 4.23 Ag
8 6.00 Ag 5.85 Ag
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the black arrow in Fig. 3c. However, such a prominent
peak was hardly detected in other Zn alloys with Ag con-
tent lower than the Cm, i.e. Zn–1.5% Ag in Fig. 3b. This
signiﬁcant peak, on the dT/dt curve in Fig. 3c, is associated
with the formation of a pro-peritectic phase before the
nucleation of Zn. According to the Zn–Ag binary phase
diagram [48] as shown in Fig. 3a, this pro-peritectic phase
is mostly like the Ag0.26Zn0.74 (simpliﬁed as AgZn3). To
conﬁrm this, XRD analysis was performed. XRD spectra
of the alloys with diﬀerent Ag contents are shown in
Fig. 4. It can be seen that spectra a, b and c merely present
the peaks of g-Zn, indicating that there are no other phases
except g-Zn. However, extra peaks are also observed at the
Ag content above Cm, in spectra d–f, which correspond to
e-AgZn3. It is considered that these particles can act as
nucleation sites, leading to the further reduction in grain
size of the alloys with Ag contents over Cm.
To specify the morphology and location of the AgZn3
particles, the as-cast microstructures of the Zn–Ag alloys
were examined in both optical microscopy and SEM.
Fig. 5 is typical optical (a) and backscatter electron
(BSE) (b) micrographs of the as-cast Zn–4.5% Ag alloy.
Dendritic particles (butterﬂy shape) can be seen within
Zn grains, as shown in Fig. 5b. The EDS elemental map-
ping demonstrates that these particles are Ag-enriched.
Further EDS analysis of over ten particles near the grain
centres shows that the average atomic ratio of the particles
is very close to AgZn3. Because almost all such particles
were observed near the centres of the Zn grains, it is consid-
ered that they are the probable nucleation particles associ-
ated with grain reﬁnement.
In addition, another weak peak can also be observed at
325 C in Fig. 3c. It is highly likely that it is related to the
precipitation that normally occurs along the grain bound-
aries [49,50]. In Fig. 5, such precipitates with much smaller
size can be seen. Moreover, the morphology of such precip-
itates diﬀers from the e-AgZn3 particles within the grain
centres. The latter is dendritic, verifying that they formed
directly from the liquid. But the grain boundary precipitates
are rarely dendritic [51]. In Fig. 5b1, a diﬀerent type of Ag-
enriched area surrounding the e-AgZn3 particles can be
seen. The Ag content of these areas is lower than that of
the e-AgZn3 phase. It is believed that these areas are Ag-
enriched Zn solid solution resulting from the peritectic
reaction, liquid + e-AgZn3! g-Zn. During the peritectic
reaction, e-AgZn3 dissolves into liquid and together
with the liquid forms g-Zn. Due to non-equilibrium cool-
ing, the Ag concentration was not fully homogenized within
the Zn matrix, as evidenced by the coring of the grains.
Fig. 1. Typical optical microstructures of the as-cast pure Zn reﬁned by diﬀerent nominal Ag contents (all in wt.%): (a) pure Zn; (b) Zn–1.0% Ag; (c) Zn–
1.5% Ag; (d) Zn–3.5% Ag; (e) Zn–4.5% Ag; (f) Zn–6.0% Ag. When the addition amounts of Ag were over a critical value (4.5%) within the hypoperitectic
zone, grain coarsening occurred.
Fig. 2. Measured grain sizes of cast Zn alloys plotted against Ag contents.
Inset histogram shows the diﬀerence of the grain size distribution between
as-cast pure Zn and Zn–4.5 wt.% Ag alloy.
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Fig. 3. Thermal characterization of the in situ formed particles in molten Zn–Ag alloys: (a) binary peritectic alloy phase diagram [48], (b) cooling curve of
Zn–1.5 wt.% Ag and (c) cooling curve of Zn–4.5 wt.% Ag. The in situ formed particles are shown to be pro-peritectic phase.
Fig. 4. The XRD spectra of the binary as-cast Zn alloys: (a) without Ag addition, (b) with 1.0% Ag addition, (c) with 1.5% Ag addition, (d) with 3.5% Ag
addition, (e) with 4.5% Ag addition and (f) with 6.0 wt.% Ag addition.
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3.3. ORs between the AgZn3 phase and the g-Zn matrix in
the reﬁned Zn–Ag alloys
In order to experimentally verify the role of the pro-
peritectic AgZn3 particles (in grain centres) as nucleation
sites, the crystallography of such particles and Zn matrix
needs to be understood. Thus, the ORs between AgZn3
particles and their surrounding Zn matrix were determined
using electron backscattered diﬀraction (EBSD). After
recording a pair of EBSD patterns from both a e-AgZn3
particle and surrounding g-Zn, the Kikuchi patterns were
indexed and then the OR was determined using the method
developed by Qiu and Zhang [32]. A typical BSE micro-
graph of a particle–matrix pair and the corresponding
EBSD patterns are shown in Fig. 6. The angles, 64 and
65, have already compensated the Kikuchi sphere eﬀect.
Fig. 5. Optical and BSE micrographs of the as-cast Zn–4.5 wt.% Ag alloy: (a) optical micrograph; (b) typical BSE image showing the dendritic pro-
peritectic e-AgZn3 phase within the g-Zn grains; (b1–b2) EDS mapping of element distribution for Ag and Zn respectively and (b3) X-ray overlapping for
Ag and Zn.
Fig. 6. The BSE image of one particle–matrix pair and the corresponding EBSD patterns: (a) the BSE image of a typical dendritic AgZn3 particle located
within a Zn grain, and the detected EBSD patterns from (b) AgZn3 particle (red line) and (c) Zn matrix (yellow line), respectively. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
320 Z. Liu et al. / Acta Materialia 79 (2014) 315–326
72
It is demonstrated that the ½121 3AgZn3 Kikuchi pole is par-
allel to the ½1210Zn pole, and the ð0111ÞAgZn3 and
ð1010ÞAgZn3 Kikuchi bands are nearly parallel to the
ð1011ZnÞ and ð0002ÞZn bands, respectively. Hence, the
OR between the AgZn3 particle and the Zn matrix shown
in Fig. 6 can be roughly expressed as:
½1213AgZn3==½1210Zn; ð0111ÞAgZn3==ð1011ÞZn;
ð1010ÞAgZn3==ð0002ÞZn ð1Þ
So as to ensure the experimentally determined ORs are
reproducible, 20 pairs of Kikuchi patterns and the corre-
sponding Euler angles were collected from various grain-
centred AgZn3 particles and their surrounding Zn matrix.
The determined ORs are summarized in Table 2. In the
20 determined ORs, there are 17 OR(B) (equivalent to
the OR shown in Fig. 6), 1 OR(A2), 1 OR(C1), and
another random OR (not a real crystallographic OR). Both
the EBSD-determined OR and the corresponding E2EM-
predicted OR(B) are also expressed in a stereographic pro-
jection (Fig. 7). It can be seen that the EBSD-determined
ORs agree well with those predicted by the E2EM model.
More detailed analysis is given in Section 4.1.
4. Discussion
4.1. Nucleation crystallography in the reﬁned Zn–Ag alloys
The E2EM model [28–31] is used to examine the CAM
between nucleant particle, AgZn3, and metal matrix, Zn.
Both AgZn3 and Zn possess hexagonal close-packed
(hcp) crystal structures, with two atoms in each unit cell.
The AgZn3 lattice parameters [52] are a = 0.28231 nm
and c = 0.44407 nm with space group P63/mmc. The Zn
lattice parameters [53] are a = 0.26649 nm and
c = 0.49468 nm with space group P63/mmc. Based on crys-
tal structures, lattice parameters and atom positions, the
E2EM calculation process [23,54] includes (a) identifying
the closed-packed (CP) atomic row pairs and the CP plane
pairs in both the AgZn3 phase and the Zn crystal; (b) cal-
culating the values of interatomic spacing misﬁt (fr) and
interplanar spacing mismatch (fd); and (c) predicting and
reﬁning the ORs between particle and matrix. AgZn3 has
four sets of CP (or nearly CP) planes, f0002g, f0111g,
f1120g and f1010g, and three sets of CP (or nearly CP)
rows, h1210iSS, h2113iPS and h1100iZZ. The superscripts,
SS PS and ZZ refer to straight, pseudo-straight and zigzag
atomic rows, respectively [25,27–29]. Fig. 8a shows the
atomic conﬁguration on the CP f0111gAgZn3 plane
containing the CP directions, h1213iPS and h1210iSS.
The oﬄine distance for an atom to the matching plane is
demonstrated by D in Fig. 8, which normally does not
exceed half an atomic radius [28,33]. Zn possesses three sets
of CP (or nearly CP) planes, f0002g, f0111g and f1120g,
and three sets of CP (or nearly CP) rows, h1210iSS,
h1213iPS and h1100iZZ. Fig. 8b shows the atomic conﬁgu-
ration on the CP f1011gZn plane containing the CP direc-
tions, h1210iSS and h1213iPS.
Table 2
Calculated misﬁt (fr), mismatch (fd) and the E2EM-predicted ORs along with statistics of the EBSD-determined ORs between AgZn3 and Zn.
ORs Matching directions fr (%) Matching planes fd (%) Determined times
A1 ½1210AgZn3=½2113Zn 0.48 ð0002ÞAgZn3 1.50o away from ð1011ÞZn
ð1011ÞAgZn3 3.39o away from ð0110ÞZn
5.81
A2 ½1210AgZn3=½2113Zn 0.48 ð1011ÞAgZn3 0.19o away from ð1011ÞZn
ð1011ÞAgZn3 5.57o away from ð0110ÞZn
2.35 1
B ½1213AgZn3=½1210Zn 1.29 ð0111ÞAgZn3 0.13o away from ð1011ÞZn
ð1010ÞAgZn3 1.1o away from (0002)Zn
1.17 17
2.35
C1 ½1210AgZn3=½2110Zn 5.60 ð1011ÞAgZn3 0.44o away from ð0111ÞZn,
ð1011ÞAgZn3 7.76 o away from ð0002ÞZn3
2.35 1
C2 ½1210AgZn3=½2110Zn 5.60 ð0002ÞAgZn3 1.86o away from ð0111ÞZn
ð1011ÞAgZn3 5.68o away from ð0002ÞZn3
5.81
D ½1100AgZn3=½1100Zn 5.60 ð1120ÞAgZn3 4.52o away from ð1120ÞZn3
ð0002ÞAgZn3 0.84o away from ð0002ÞZn3
5.60
Fig. 7. Stereographic projection showing the experimentally determined
ORs and the corresponding OR(B) predicted by the E2EM model, plotted
with hcp AgZn3 in the [0001] direction. The enlarged portions of this OR
are presented in (b)–(d).
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Based on the calculated fr along matching directions and
fd between matching planes, the E2EM model can quantify
the CAM between AgZn3 particle and Zn matrix, and fur-
ther assess the potency of AgZn3 as a nucleation site. The
quantiﬁed CAM is usually associated with at least one
OR. According to the E2EM model, to form an OR the
matching rows must lie in the corresponding matching
planes and normally the straight rows in one phase match
with straight rows in another phase, zigzag rows with zig-
zag rows and pseudo-straight rows with both [28,29]. The
smaller the values of fr and fd are, the higher the potency
of the nucleant particles tends to be [23]. In order to ensure
the matching planes are parallel or only have small rota-
tions about the matching directions, the threshold of fd is
set to be 10% when considering valid matching plane pairs
[28,29]. The calculated results, i.e. fr, fd and ORs, of the
AgZn3–Zn nucleating system are summarized in Table 2.
In all other proven eﬃcient grain-reﬁning systems, i.e. Al3-
Zr–Al [20], Al2Y–Mg [21,34] Mg24Y5–Li [55], Zr–Mg [24]
and MgO–Mg [56], the values of fr and fd are <7%. Regard-
ing the current AgZn3–Zn system, the values of fr and fd,
with respect to the experimentally determined OR in
Fig. 6, are only 1.3% and 1.17/2.35%, respectively. This
implies that, from a crystallographic point view, AgZn3 is
an eﬀective nucleant for the nucleation of g-Zn.
These roughly predicted ORs in terms of the close
packed planes and directions can be further reﬁned using
the Dg parallelism criterion [57,58] to specify the rotation
of the matching plane pairs about the associated matching
rows. After being reﬁned, four sets of ORs between AgZn3
and Zn are predicted, which are listed in Table 2. Fig. 9 is a
simulated superimposed diﬀraction pattern from AgZn3
particle and Zn matrix, showing the predicted OR (B)
and the interface plane trace normal to a set of parallel
Fig. 8. Atomic conﬁguration of one matched plane-pair between AgZn3 and Zn. Close-packed rows are demonstrated using solid lines, and D shows the
oﬄine distance for an atom relative to the matching planes [28,33].
Fig. 9. Simulated superimposed diﬀraction patterns along the zone axes ½1213AgZn3=½1210Zn, showing the predicted OR (B) between AgZn3 and Zn,
which corresponds to the experimentally determined OR in Fig. 6. The Dg’s are perpendicular to the interface plane trace (dashed line), and the rotation
angles between two matched plane-pairs are 0.13 and 1.1, respectively.
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Dgs. OR (B) is the same as the experimentally determined
OR in Figs. 6 and 7. Similar well-superimposed diﬀraction
patterns for other ORs can also be constructed, but these
are not shown here for the purpose of brevity. Although
other hcp–hcp ORs were reported [59], the OR shown in
Fig. 6 is experimentally determined for the ﬁrst time.
4.2. The interdependent eﬀects in grain reﬁnement
As shown in Figs. 1 and 2, the signiﬁcant reduction of
grain size occurred when the Ag addition level is well below
its maximum solubility (Cm). At this addition level, there is
no formation of AgZn3 phase and no peritectic reaction
occurs. This phenomenon is consistent with the early
reported results in the high-purity peritectic binary Mg–
Zr alloys [60,61]. However, the present result diﬀers from
that reported by Wang et al. [4]. They found that, in some
binary peritectic Al alloys, i.e. Al–Zr, Al–Nb and Al–V,
noticeable grain reﬁnement was only observed when the
peritectic-forming element contents exceed their respective
Cm. The question that arises is: in addition to the heteroge-
neous nucleation eﬀect of AgZn3, what is the other factor
that governs the grain reﬁnement in the Zn–Ag system?
Based on the extensive studies of grain reﬁnement in Al,
Mg, Ti and Fe cast alloys [39–42], it is considered that
the interdependent eﬀects of solute and particle contribute
largely to the grain reﬁnement of cast metals.
The growth restriction factor (Q-value [10,43–45]) of the
solute element has been commonly used to assess the grain
reﬁning eﬃciencies of solutes [5,62]. In a binary system, Q
is deﬁned by Q = m(k  1)Co [43,63], in which m is the
liquidus gradient, Co is the initial solute concentration
and k is the equilibrium partition coeﬃcient. Q-value relies
on the solute concentration in liquid metal. Generally, both
the Q-value at Co = 1 wt.% and the maximum Q-value at
Cm are used to discuss the grain reﬁning eﬃciencies of dif-
ferent solutes. The maximum Q-values of a number of
alloying elements in Zn are listed in Table 3. It can be seen
that the maximum Q-value of Ag in Zn (19.1 K) is the
highest, which is comparable with those of Ti in Al
(33 K [43]), Zr in Mg (13.6 K [7]) and B in Ti (15 K for
normal additions [64]). It is well acknowledged that Ti,
Zr and B are currently the most eﬀective solutes for reﬁning
cast Al, Mg and Ti alloys, respectively. In the present Zn–
Ag system, g-Zn directly solidiﬁes from the liquid when the
addition of Ag is below Cm = 3.0 wt.%. The largest Q-value
of Ag in Zn implies that a constitutional supercooling
(CS) zone can be rapidly built up at front of the advancing
solid/liquid (S/L) interface during solidiﬁcation. When the
formed CS reaches a critical value, more nucleation events
occur within the CS zone which suppresses the further
growth of “previously” formed grains [41,46,47].
The interdependence theory, Q-value model [43,65,66],
can be used to understand the present results. It incorpo-
rates the interdependent contributions from speciﬁc solute
and potent particle to grain reﬁnement [43]. One simpliﬁed
formula of this theory [5,14,43,67] is:
d ¼ 1ﬃﬃﬃﬃﬃﬃﬃ
qvf
3
p þ b1DT n
Q
ð2Þ
where d represents the grain size, qv is the volume density of
particles in the CS zone, f is the fraction of the activated
nucleation particles, DTn is a critical undercooling for
grain initiation and b1 is an alloy-dependent constant
[65,68]. For practical applications, Eq. (2) is usually rear-
ranged as Eq. (3), in which a and b are coeﬃcients related
to the eﬃciency of grain reﬁners [65,66] and which can be
determined empirically from experimental data.
d ¼ aþ b
Q
ð3Þ
When the Ag addition is below Cm = 3.0 wt.%, there is a
strong linear relationship between d and 1/Q with
R2 = 0.97, as shown in Fig. 10a. According to the interde-
pendence theory, there should be some other unknown
native nucleation particles existing in the melts below Cm.
Native grain reﬁnement has already been reported in com-
mercial Mg–Al alloys [69]. Compared to the grain size of
cast metals, such native nucleation particles are normally
very small, even at the nanometre scale [70]. In addition,
the number density of these native particles is not big.
Thus, it is too diﬃcult to detect these native particles.
It should also be noted in Fig. 10a that a large deviation
from the linear ﬁtting occurs beyond Cm. The grain size
continues decreasing after the Ag content exceeds 3%,
but is less than 6% as shown in the dashed circle arrow
in Fig. 10a, even though the Q value remains constant
when the Ag content is over Cm. The potent in situ formed
AgZn3 particles are proposed to be responsible for the
grain reﬁnement at this stage. According to the free growth
model [71,72] in Eq. (4), particles with a large size can be
activated by a small undercooling.
DT fg ¼ 4r=DSvdp ð4Þ
In Eq. (4), DTfg represents a critical undercooling for
free growth, r is S/L interfacial energy, DSv is fusion
entropy and dp is particle size. The size of AgZn3 particles
Table 3
Calculated growth restriction factors, Q-values, of various solute elements
in liquid Zn.
Element m k Max. solubility
in liquid Zn (wt.%)
m(k  1) Qmax (K)
Ni 4.93 0.09 0.027 4.49 0.12
Ti 13.61 0.50 0.074 6.81 0.50
Mg 18.53 0.03 0.10 17.97 1.80
Mn 7.98 0.67 0.8 2.66 2.13
Cu 3.24 1.62 1.70 2.01 3.42
Cd 1.86 0.026 2.13 1.81 3.86
Al 6.43 0.25 1.25 4.823 6.03
Ga 4.10 0.016 1.5 4.04 6.06
Au 1.54 1.50 12.00 0.77 9.24
Ag 3.81 2.67 3.00 6.36 19.08
The calculated values of maximum growth restriction factor (Qmax)
indicate that Ag is a promising solute element for the grain reﬁnement of
cast zinc are show in bold.
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is expected to be larger than the native nucleation sites if
available in the liquid Zn. Therefore, the required DTfg is
smaller and the heterogeneous nucleation rate is higher
than the situation when Co < Cm. For a given particle–
matrix nucleating system, the nucleation potency is
constant, because it refers to the inherent capability of a
particle acting as a nucleation site. In addition, the nucle-
ation eﬃciency varies [24]. The nucleation eﬃciency of
potent particles also depends on their physical characteris-
tics, i.e. particle morphology [21,60,78,79], number density,
size and size distribution [20,22,24,56]. If these physical
characteristics are modiﬁed properly, the grain reﬁning eﬃ-
ciency can be improved. Solid particles, with higher
potency, appropriate size and size distribution and suﬃ-
cient quantity, are more favourable for nucleation [56].
When the Ag content was over Cm (3.0 wt.%), AgZn3 parti-
cles form in the melt before peritectic reaction. From the
growth velocity point view, previous work done through
either modelling or experiment indicated that in certain
undercooled melt the growth of intermetallic compounds is
much more sluggish than the growth of solid solutions
[73–77]. This implies that the size of the pro-peritectic phase,
i.e. the AgZn3 particles, in situ formed in the melt is relatively
small. Accordingly, higher number density of particles was
obtained in the melt. Hence, the subsequent peritectic reac-
tion led to further grain reﬁnement. As shown in Figs. 1
and 2, smaller grains were achieved when the Ag content is
over Cm, even though the growth restriction factor is con-
stant. But further addition of Ag over 4.5% introduces grain
coarsening, as shown in Figs. 1f and 2. This is probably
attributable to the decrease in the number density of acti-
vated AgZn3 particles, because the AgZn3 particles as shown
in Fig. 10c grow rapidly into large dendrites when Co > 4.5%.
5. Conclusions
(1) The grain size of as-cast Zn–Ag alloys was signiﬁ-
cantly reduced as the Ag content was increased.
The smallest grain size was obtained at 4.5 wt.% Ag
within the hypoperitectic zone, and then grain coars-
ening occurred at Ag contents of 6.0 wt.%.
(2) Ag-enriched dendritic particles were reproducibly
observed at or near the centres of g-Zn grains in
the reﬁned alloys with Ag content over 3 wt.%. Char-
acterization using XRD, HRSEM-EDS and EBSD
indicated that these particles are the pro-peritectic
AgZn3 phase. These dendritic particles diﬀer from
the ones reported in Al and Mg cast alloys, in which
either the facetted or spherical pro-peritectic phases
formed. At qan Ag content of 6.0 wt.%, the pro-
peritectic AgZ3 particles were rapidly coarsened.
(3) Based on the crystallographic calculations using the
E2EM model, the interatomic spacing misﬁt and
the interplanar spacing mismatch were found to be
small enough, compared with other reported eﬃcient
nucleating systems, leading to high potency of AgZn3
as a nucleation site for g-Zn.
Fig. 10. (a) The average grain sizes of binary Zn–Ag alloys (from 0.5 to 6 wt.% Ag) plotted against the inverse of growth restriction factor, 1/Q, and
compared with the ﬁtted data; (b) A representative BSE image of a particle with three-dimensional morphology (white dashed line); (c) size distributions of
the in situ formed particles in the reﬁned Zn alloys with Ag contents over Cm. The longest dendrite arm (L in (b)) is selected to characterize the particle size
and size distribution.
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(4) For the ﬁrst time, a new hcp–hcp OR has been
experimentally determined using EBSD and fur-
ther conﬁrming the predictive capability of the
E2EM model. This OR is ½1213AgZn3 // ½1210Zn,
ð0111ÞAgZn3 // ð1011ÞZn, ð1010ÞAgZn3 // ð0002ÞZn.
(5) In terms of the interdependence theory and the solute
model of grain reﬁnement, the eﬀective grain reﬁne-
ment achieved by adding <3 wt.% Ag is mainly due
to the high growth restriction factor of Ag in Zn.
At the maximum solute solubility, Ag can generate
the critical undercooling for nucleating Zn grains
much faster than any other solute elements.
(6) The smallest grain size achieved within the hypoperi-
tectic zone is proposed to be resulted from the inter-
dependent eﬀects from the speciﬁc Ag solute and the
in situ formed potent AgZn3 nucleation particles with
suitable size. The Zn grain coarsening at Ag contents
over 4.5 wt.% is attributed to the reduction in the
number density of such nucleation particles due to
the rapid coarsening of such particles.
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Chapter 7 Grain Refinement of Cast Zn through Adding Copper 
7.1 Chapter overview 
      Similar to chapter 6, this chapter reveals the effect of nucleation crystallography and inoculants’ 
feature on the grain refinement of cast Zn through Cu inoculation. Addition of peritectic-forming 
element, Cu, can effectively decrease the average grain size of cast Zn. At a specified cast condition, 
the smallest grain size reproducibly occurs at 2 wt.% Cu. The further increase in Cu addition 
produces grain coarsening of the cast Zn-Cu alloys. The growth restriction effect of Cu in cast Zn 
predominately lead to the grain refinement; however, the variation of grain size is also closely 
associated with the pro-peritectic ε-CuZn4 particles. Using E2EM model and EBSD, The nucleation 
crystallographic investigation, between the η-Zn matrix and the grain-centred ε-CuZn4 particle, 
evidences the high potency of ε-CuZn4 particles as nucleation sites for -Zn, which further refined 
Zn grains. However, when the Cu content is over 2.0 wt.%, formation of large ε-CuZn4 particles 
lead to the grain coarsening of binary Zn-Cu alloys. To conclude, the heterogeneous nucleation in 
liquid metals does not necessarily result in grain refinement. It depends on (a) the quantity and size 
of nucleant particles and (b) the restriction effect of solutes on grain growth.  
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Abstract 
      Adding peritectic-forming element, Cu, effectively reduced the average grain size of cast Zn by 
over 85%. At a specified cast condition, the smallest grain size was obtained at 2 wt.% Cu addition. 
Further increase in Cu content led to grain coarsening in the cast Zn-Cu alloys. Although the solute 
effect of Cu was predominately responsible for the grain refinement through restriction of the grain 
growth, it was found that the variation of grain size is also closely related to the formation of the 
pro-peritectic phase, ε-CuZn4. Crystallographic calculation using the edge-to-edge (E2EM) 
matching model showed low interatomic misfit and interplanar mismatch between Zn and ε-CuZn4 
phase. In addition, a reproducible HCP-HCP orientation relationship between Zn and the -CuZn4 
particles (located within the Zn grain centres) was also experimentally determined using electron 
backscattering diffraction (EBSD) method. This indicated the high potency of the pro-peritectic ε-
CuZn4 particles as effective heterogeneous nucleation sites for -Zn, which further refined the Zn 
grains. However, when the Cu content was over 2.0 wt.%, formation of large ε-CuZn4 particles 
resulted in grain coarsening of the cast alloys.  
Key words: Zn-Cu alloys; grain refinement; heterogeneous nucleation; crystallography; edge-to-
edge matching 
1. Introduction 
     The purposes of grain refinement in cast metals are to produce uniformly distributed equiaxed 
(or near equiaxed) grains in order to eliminate the anisotropic properties of columnar structure 
(Greer et al., 2003; StJohn et al., 2011) and to improve both the ductility and strength of the 
materials. Furthermore, a well-refined microstructure is also associated with enhanced casting 
soundness, reduced chemical segregation and porosity, decreased hot tearing potency, and, more 
importantly, improved formability in the subsequent forming process (Mohanty et al., 1995; Murty 
et al., 2002; McCartney et al., 1989) for castings or ingots. Generally, grain refinement can be 
achieved through dynamic nucleation (Stefanescu, 2002) and inoculation (Greer et al., 2003). The 
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former is associated with forced localized convection, such as stirring and fast cooling to produce 
secondary nuclei or to increase the nucleation rate. The latter is the most widely used approach in 
industry aiming to promote heterogeneous nucleation and to limit grain growth through addition of 
effective grain refiners into the liquid metal before casting. During inoculation process, the 
inoculant particles and the solutes can be simultaneously added via master alloys. The inoculant 
particles act as heterogeneous nucleation sites. The solutes provide restriction to grain growth. For 
instance, the Al-5Ti-B master is used to refine Al alloys, in which both inoculant particles (Al3Ti 
and/or TiB2) and solute (Ti) are added together (Greer et al., 2000). Another typical example is the 
addition of Zr-containing master alloy to refine the Al/Mn/Si-free Mg alloys (Emley, 1966; Qian et 
al., 2006). Zr particles are the inoculants and Zr solute provides restriction to grain growth. 
Generally, the inoculants are either in situ formed or externally introduced into the melt (Greer et al., 
2000; Johnsson et al., 1993; Zhang et al., 2005a; Qiu et al., 2009a; Bramfitt, 1970). Al3Ti and Zr 
particles can be introduced either through in situ formation because both the Al-Ti and the Mg-Zr 
are peritectic systems, or through external addition. But, TiB2 can only be externally added. Al2Y, 
which is another effective nucleant particle in the Y-containing Mg alloys, was in situ formed 
through adding Al (Qiu et al., 2009b). Other reported inoculants for Mg alloys, such as ZnO (Fu et 
al., 2008), AlN (Fu et al., 2009) and SiC (Easton et al., 2006), were externally added. The questions 
arisen are (a) which type of compounds can be used as effective inoculants and (b) how to identify 
such compounds for a particular base alloy.  
      Because most effective grain refiners, such as Al3Ti for Al alloys, Zr for Mg alloys (Easton and 
StJohn, 1999a; Wang et al., 2013a; Exner, 1985; Izumi et al., 1993; Glardon and Kurz, 1981; 
Barker and Hellawell, 1974) and Sb for Sn alloys (Chen et al., 2008), are related to peritectic 
reaction, Asato and co-workers proposed a peritectic solidification approach (Banerji et al, 1989). It 
was considered that primary grains of an alloy are formed on the pro-peritectic particle via the 
peritectic reaction (Crosley and Mondolfo, 1951a). Thereafter, this theory has been introduced to 
elucidate the mechanism of grain refinement in peritectic-based alloys (Emley, 1966; Crosley and 
Mondolfo, 1951b; Wang et al., 2013b; Wang et al., 2014; Qiu et al., 2009c; McDonald et al., 2003; 
Davies et al., 1970). However, it has been long term debatable that whether the peritectic reaction 
directly contributes to grain refinement. First, when Ti, Zr and Ag were added to refine the cast Al, 
Mg and Zn alloys, significant grain refining efficiency could be achieved even with the solute 
additions that were far below the maximum solubilities of Ti, Zr and Ag in Al, Mg and Zn alloys, 
respectively. According to the Al-Ti, Mg-Zr and Zn-Ag binary phase diagrams, peritectic reaction 
does not occur when the solute content is below its maximum solubility (Qian et al., 2006; Lee et 
al., 2000; Easton and StJohn 1999b; Liu et al., 2013). Moreover, it was also argued that peritectic 
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reaction cannot occur in practical solidification process, because peritectic reaction relies on the 
solute diffusion in solid. In “real” solidification process, the solute diffusion is too slow to promote 
the peritectic reaction (Qian et al., 2006; StJohn, 1990; StJohn and Qian, 2009). 
      Heterogeneous nucleation and solute paradigm are two widely accepted theories to understand 
the mechanism of grain refinement. Most new grain refiners for cast metals were developed based 
on these theories (Qiu et al., 2009b; Wang et al., 2013b; Wang et al., 2014; Qian, 2009; Fan et al., 
2009). It is considered that effective heterogeneous nucleation particles possess a low interfacial 
energy with the metal matrix, which controls the grain refining potency (Bramfitt, 1970). Higher 
grain refining efficiency can be achieved if the interfacial energy between the particles and the 
primary solid is low. Generally, the interfacial energy is associated with interfacial structure, atomic 
matching, interface orientation and/or chemical environment (Bramfitt, 1970; Qiu and Zhang, 2013). 
Therefore, it is almost impossible to accurately and quantitatively describe the interfacial energy. A 
simple approach to evaluate the grain refining potency of a crystalline particle is based on 
crystallographic calculation of the atomic mismatch (CAM) across the particle/matrix interface, 
because better atomic matching (lower mismatch) corresponds to lower interfacial energy (Qiu and 
Zhang, 2013; Zhang et al., 2005b; Li et al., 2012; Turnbull and Vonnegut, 1952; Oh et al., 2005; 
Fan et al., 2013). In the past decades, three major geometrical models, i.e. linear disregistry 
(Turnbull and Vonnegut, 1952), planar disregistry (Bramfitt, 1970) and edge-to-edge matching 
(E2EM) model (Zhang et al., 2005a; Zhang, 2008), have been proposed to quantify the CAM. For 
example, the E2EM model (Zhang et al., 2005c; Zhang et al., 2005d; Kelly et al., 1999; Kelly et al., 
2006) has  been successfully used  to understand the grain refinement mechanism of currently 
available grain refiners (Qiu et al., 2007a; Qiu et al., 2007b) and poisoning effect of Si in Al alloy 
(Qiu et al., 2007c), and to predict new grain refiners for cast metals (Zhang et al., 2005a; Qiu et al., 
2009b; Fu et al., 2008; Fu et al., 2009; Wang et al., 2013b; Qiu et al., 2009c; Qiu and Zhang, 2013; 
Zhang et al., 2005b; Qiu et al., 2007a; Jiang et al., 2010). However, atomic matching is only an 
essential criterion to identify effective grain refiners. Grain refining potency of potent particles also 
relies on the particle size and size distribution (Fan et al., 2009; Li et al., 2012; Quested and Greer, 
2004), the number density (Easton and StJohn, 2005) and particle morphology (Qian, 2007; Qiu and 
Zhang, 2013; Li and Easterling, 1990; Saha, 2010). The free growth mode, developed by Greer and 
co-workers (Greer et al., 2000; Quested and Greer, 2004), well describes the size effect. This model 
is expressed as: ∆Tfg = 4σ / (∆Sv · dp), in which σ, ∆Sv, dp and ∆Tfg are solid/liquid interfacial energy, 
fusion entropy, particle size and a critical undercooling for free growth, respectively. 
      In terms of the solute paradigm, contribution of solute is associated with solute segregating at 
front of the solid/liquid (S/L) interface (StJohn et al., 2011; Johnsson et al., 1993; Easton et al., 
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199a; Easton et al., 1999b, Quested and Greer, 2003). For the specified role of solutes in grain 
refinement, it is generally considered that solute segregation at front of the S/L interface produces 
constitutional supercooling (CS) zone (StJohn et al., 2011; Qian et al., 2010; Easton and StJohn, 
2001). Such CS zone provides additional driving force for new nucleation on potent substrates 
present. In addition, during solidification process, the solute segregation at S/L interface will restrict 
growth of the previously formed grains (StJohn et al., 2011; Qian et al., 2010), which subsequently 
contribute to more nucleation events throughout the bulk of the liquid. For binary alloy systems, the 
solute effect in grain refinement can be characterized using a growth restriction factor, Q, (Easton 
and StJohn, 2001). Q value has been widely used to assess the effect of solute on reducing grain 
size (Easton et al., 1999b; Maxwell and Hellawell, 1975). Q is defined by Q = mco(k-1) (Easton and 
StJohn, 2001), where m, co and k are denoted as the liquidus slop, the solute concentration in liquid 
metal and the partition coefficient. In recent years, the solute paradigm has been extended and 
further the Interdependence theory (a Q-value mode) has been proposed (StJohn et al., 2011). 
      However, there are a number of phenomena that are related to grain refinement in cast metals, 
but cannot be fully explained based on a single model/paradigm as mentioned above. Wang and co-
workers (Wang et al., 2013a) recently reported that, at a constant Q-value, the peritectic-forming 
alloying elements (Zr, Nb and V) have much higher grain refining efficiency in cast Al alloys than 
the eutectic-forming elements (Si, Mg and Cu). It was in particular when the addition level is over 
the maximum solid solubility. Consequently, it was verified that the pro-peritectic compounds, 
including Al3Zr (Wang et al., 2013a; Wang et al., 2013b) and Al3Nb (Wang et al., 2014), can act as 
heterogeneous nucleation sites because these particles were observed within Al grains and 
reproducible crystallographic orientation relationships were identified. But, Liu et al (Liu et al., 
2013) found that both peritectic-forming alloying elements, such as Ag and Cu, and eutectic-
forming element, such as Mg and Al, effectively refined cast Zn alloys, even though the four 
elements have different growth restriction factors in Zn. The authors also reported a new hexagonal 
close-packed (HCP)-HCP orientation relationship (OR) between AgZn3 and Zn (Liu et al., 2014), 
indicating the high potency of the pro-peritectic AgZn3 particles being heterogeneous nucleation 
sites in Zn alloys.   
      Based on these outcomes, it is reasonable to propose a hypothesis that peritectic-forming 
alloying elements have higher grain refining efficiency than eutectic-forming elements at the same 
level of Q-value (growth restriction factor). Peritectic reaction may not occur in practical casting 
process due to the low mobility of solutes in solids. But, owing to the inherent crystallographic 
relation between the pro-peritectic phase and the primary solid, the pro-peritectic particles formed 
directly from liquid can act as effective heterogeneous nucleation sites. The present work aims to 
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further corroborate this hypothesis in the Zn-Cu peritectic system through investigating the effect of 
Cu addition on grain refinement of cast Zn alloys. 
2. Experimental procedure 
2.1. Cast sample preparation 
      Eight Zn alloys with different Cu contents (0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 4.0 wt.% Cu) 
were prepared in a clay-bounded graphite crucible using industrial pure Zn with a purity of 99.995% 
and Zn-18wt.% Cu master alloy. The crucible was fully coated with boron nitride before use. The 
master alloy was made by melting the Zn ingot in an argon protective atmosphere, followed by 
adding chips of pure Cu with a purity of 99.95%. After melting the pure Zn in an electrical 
resistance furnace, various amounts of master alloys were added. Then, the melts were isothermally 
inoculated for 20 minutes at 550, 600, 650 and 700 K, respectively. After removing the oxidation 
skins on top of the melts, they were cast into cylindrical graphite moulds (30 mm in diameter and 
40 mm in length), which were pre-heated at the same temperatures as the melts. An N-type 
thermocouple was inserted into the melt to measure the average cooling rate during solidification. 
During solidification in air, the cylindrical graphite mould was placed on a 10 mm thick fibrefrax 
board, and then another piece of fibrefrax board was placed on top of the graphite moulds. This 
cooling method was developed by Backerud and Shao (Backerud and Shao, 1991), and then used by 
Easton (Easton et al., 2001) and Wang (Wang et al., 2013a). The average cooling rates of all 
castings are around 1 K/s. 
2.2. Microstructural characterization 
      Metallographic samples were sectioned at approximately 10 mm from bottom of the as-cast 
cylindrical ingots. After being mechanically ground and polished, metallographic samples were 
immersed in the Gennone-Kersey solution (84% distilled water, 15% H2SO4 and 1vol.% HF) for ten 
seconds, and then examined in a Leica optical microscope (OM) using polarised light. In terms of 
the linear intercept standard (ASTM 112-10), the average grain sizes of as-cast samples were 
measured using a Spot32 image analysis software equipped on the Leica® OM. Phases in the ingots 
were identified using X-ray diffraction (XRD) technique, which was performed in a Bruker D8 
diffractometer operated at 40 kV with a Cu-K radiation (wavelength is 1.54056 Å). To further 
characterize the phases in the samples and to study the crystallography of the pro-peritectic phase, 
some as-cast samples were examined in a JEOL 7001 high resolution scanning electron microscopy 
(HRSEM). To help identify the particles in the HESEM, interesting areas were marked by micro-
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indentator in an OM. Chemical compositions of phases were approximated in the JEOL 7001 
HRSEM using energy dispersive spectra (EDS). The EDS was operated at 20 kV. 
2.3. Crystallographic investigation    
      Electron back scattered diffraction (EBSD) was used to determine the orientation relationship 
(OR) between the pro-peritectic phase and the -Zn matrix. Automated EBSD is integrated in the 
JEOL 7001 HRSEM, in which an Oxford AZtecHKL® system is also equipped. Both EBSD 
patterns and Euler angles were collected from the pro-peritectic particles and -Zn matrix. The ORs 
between both phases were determined using a recently developed numerical method (Qiu et al., 
2009c) based on the Euler angles. 
2.4. Thermal analysis during solidification    
      In order to better understand the solidification of the Zn-Cu alloys and therefore to clarify the 
role of pro-peritectic phase in grain refinement, the thermal analysis technique developed by 
Backerud et al (Backerud et al., 1986) was carried out on the alloys with different Cu contents. 
Before casting, a thermocouple was placed at the center of the graphite mould with its tip set at 10 
mm from the bottom of the mould. Once the Zn-Cu alloy melts were cast into the graphite mould, 
the mould was covered by a Fibrefrax® ceramic board lid. The cooling curves were recorded by a 
data logger and computer. 
3. Results 
3.1. Microstructure evolution and characterization 
      The average grain size (d) variations of the as-cast Zn-Cu alloys with Cu content and 
inoculation temperature are plotted in Fig. 1. The effect of inoculation temperature is very marginal 
and, at all inoculation temperatures, the smallest grain is obtained at 2 wt.% Cu, which is just over 
the maximum solubility of Cu in Zn as illustrated in Fig. 1(b). When the Cu content is greater than 
2 wt.%, grain coarsening occurs at all inoculation temperature. Taking the samples inoculated at 
600 K as examples, representative microstructural evoluation is shown in Fig. 2. As-cast pure Zn 
has coarse columnar structure. Addition of 0.5 wt.% Cu promotes the formation of equaxed -Zn 
grains and refines the columnar structure. At addition of 1.0 wt.% Cu, 100% large equiaxed grains 
are obtained and further refined with increase in Cu content. The finest grains are produced at 2 wt.% 
Cu. Grain coarsening occurred when the Cu content is over 2 wt.%. 
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Fig. 1. (a) Partial Zn-Cu  phase diagram (Massalski and King, 1962; Villars, 2006); (b) variation of 
the average grain size with Cu content in the four groups of Zn-Cu alloys inoculated at 550, 600, 
650 and 700 K, respectively. The shaded bands in (a) denote the Cu addition levels in this work. 
Bands A, B and C in (a) correspond to non-peritectic, hypo-peritectic and hyper-peritectic zones in 
(b), respectively. When the Cu content is over 1.0 wt.%, the deviation of grain size measurement is 
reduced to a relatively small value (for example ± 15µm at 2 wt.% Cu), which is covered by the size 
of the dots. Thus, the error bars are not shown clearly.  
 
Fig. 2. Representative micrographs of the as-cast Zn-Cu binary alloys (all in wt.%) inoculated at 
600 K. (a) pure Zn; (b) Zn-0.5% Cu; (c) Zn-1.0% Cu; (d) Zn-2.0% Cu; (e) Zn-2.5% Cu; (f) Zn-4% 
Cu. 
      To characterize the phases formed in the alloys, X-ray diffraction (XRD) was conducted on all 
the cast samples. The crystallographic data, including crystal structure, lattice parameters, space 
group and Person symbol, of -Zn and ε-CuZn4 are listed in Table 1. Fig. 3 shows representative 
XRD spectra of the samples inoculated at 600 C. In the alloys containing less than 2 wt.% Cu, only 
-Zn peaks are observed in spectra (a)-(c).  When the Cu content is over 2 wt.%, in addition to the 
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-Zn peaks, ε-CuZn4 peaks are also detected as shown on spectra (e) and (f). ε-CuZn4 was not 
detected at 2 wt.% Cu in (d) by XRD due to small amount of particles; however, it can be detected 
using thermal analysis (with details in section 4.2). According to the Zn-Cu binary phase diagram 
(Villars, 2006; David et al., 2003), ε-CuZn4 should be the pro-peritectic phase. To understand the 
morphology of the pro-peritectic phase, as-cast Zn-2.5wt.% Cu alloys were examined in SEM. Figs. 
4(a)-(b) show the secondary electron images demonstrating different intermetallic particles located 
at or near grain centres, as highlighted by the dashed yellow curves. Based on EDS analysis, the 
atomic ratio of Cu over Zn was approximately determined to be 1:4.38 as shown in Fig. 4(c), which 
is very close to the reported Cu0.2Zn0.8 phase (Villars, 2006; David et al., 2003). It is also consists 
with the XRD results. However, the particles possess two different morphologies. One is in dendrite 
shape as shown in Fig. 4(a), which is similar to those observed in the Zn-Ag alloys (Liu et al., 
2014), and another has regular shape as shown in Fig. 4(b). It is believed that both particles are the 
pro-peritectic -CuZn4. 
Table 1 The crystallographic data of Zn and CuZn4 (JCPDS, 2004/2010). 
Phases Lattice parameters Person 
symbol 
Space 
group a (nm) c (nm) 
Zn 0.26649 0.49468 hp2 P63/mmc 
CuZn4 0.27418 0.42939 hp2 P63/mmc 
 
 
Fig. 3. XRD spectra of selected binary cast Zn-Cu alloys, including (a) without Cu addition, (b) 
with 0.5% Cu addition, (c) with 1.0% Cu addition, (d) with 2.0 % Cu addition, (e) with 2.5% Cu 
addition and (f) with 4.0 wt.% Cu addition. 
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Fig. 4. (a)-(b) SEM secondary electron images showing the pro-peritectic CuZn4 particles within the 
-Zn grain centres; and (c) a typical energy dispersive spectra (EDS) collected from the particles 
3.2. Orientation relationships between CuZn4 and η-Zn  
      To correlate the formation of pro-peritectic particles with the variation in grain size of the as-
cast Zn-Cu alloys, crystallographic ORs between the grain-centred -CuZn4 particles and -Zn 
matrix were determined using a numerical method based on EBSD technique, which was developed 
by Qiu and Zhang (Qiu et al., 2009c). Total 33 pairs of η-Zn matrix and -CuZn4 particle were 
examined. A representative secondary electron image of a particle-matrix pair and the 
corresponding EBSD patterns are shown in Fig. 5. This pair of EBSD patterns shows that the 
[2113]Zn and [1120]CuZn4 Kikuchi poles are close to each other, and the (1011)Zn and (0110)Zn Kikuchi 
bands are nearly parallel to (1101)CuZn4 and (0002)CuZn4, respectively. Within these 33 particle (-
CuZn4) and matrix (η-Zn) pairs, four ORs that have crystallographic meanings were determined. 
They are named as OR(a), OR(b), OR(c) and OR(d) as listed in Table 2. The occurring frequencies 
of the OR(a), OR(b), OR(c) and OR(d) are 5/33, 2/33, 1/33 and 1/33, respectively. Other particles 
(24 out of 33) examined had no crystallographic relation with the -Zn matrix. The reproducible 
OR(a), together with the predicted OR from the E2EM model (more details are in section 4.1), are 
also expressed in a stereographic projection, as shown in Fig. 6. It can be seen that the 
experimentally determined OR agrees well with the E2EM predictions.  
 
Fig. 5. Secondary electron (SE) image of a particle-matrix pair and the corresponding EBSD 
patterns: (a) the SE image of a grain-centred particle (black dashed circle); (b) the indexed EBSD 
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pattern taken from Zn matrix (red dashed line); (c) indexed EBSD pattern taken from CuZn4 
particle (yellow dashed line). The grain boundary in (a) is highlighted using white solid line. 
Table 2 The orientation relationships (ORs) between Zn and CuZn4, determined using the EBSD 
combined with a Euler-based numerical method (Qiu and Zhang, 2009). 
ORs Matching directions Matching planes Determined 
frequency 
a [21̅1̅3]Zn 1.57
o away from [1̅1̅20]CuZn4 (011̅0)Zn  0.66
o away from (0002̅)CuZn4 
(1̅011)Zn 1.50
o away from (11̅01)CuZn4 
5/33 
b 
 
[1̅1̅20]Zn 1.98
o away from [2̅110]CuZn4 (1̅011)Zn  1.37
o away from (1̅101)CuZn4 
(11̅00)Zn  2.03
o away from (01̅10)CuZn4 
2/33 
c [1̅21̅0]Zn 2.32
o away from [112̅0]CuZn4 (101̅1)Zn 2.89
o away from (0002)CuZn4 
(1̅011)Zn  11.3
o away from (1̅101̅)CuZn4 
1/33 
d [1̅21̅0]Zn 4.93
o away from [1123]CuZn4 (0002)Zn  4.81
o away from (11̅00)CuZn4 
(101̅1)Zn  6.23
o away from (101̅1̅)CuZn4 
1/33 
 
  
Fig. 6. Stereographic projection demonstrating the EBSD-determined OR(a) and the corresponding 
E2EM model-predicted OR(1), plotted in terms of HCP CuZn4 in the [0001]CuZn4 direction. Three 
portions of the projection in terms of OR(a) are enlarged in (b)-(d), respectively. 
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4. Discussion 
4.1. Nucleation crystallography in the refined Zn-Cu alloys 
      The crystallographic relation between the pro-peritectic -CnZn4 particles and the -Zn matrix 
indicates the high potency that the -Zn grains nucleated on the pro-peritectic particles through 
either heterogeneous nucleation or peritectic reaction. Those particles (24 out of 33) that have no 
crystallographic relation with the -Zn matrix were highly likely enclosed within the grains during 
grain growth. In those grains, the sectioning plane just missed the nucleation particles. To further 
clarify the potency of the -CuZn4 particles as heterogeneous nucleation sites for -Zn, their 
crystallography was studied. From a crystallographic point of view, the nucleation potency is 
proportional to the reciprocal of the disregistry between nucleant and grains (Turnbull and 
Vonnegut, 1952). According to the E2EM model (Zhang et al., 2005a; Zhang et al., 2005b; Zhang, 
2008), nucleants with high efficiency correspond to low interatomic misfit (fr) along matching 
directions and small interplanar mismatch (fd) between matching planes with the grains. In the 
present work, the -Zn has HCP crystal structure with a = 0.26649 nm, c = 0.49468 nm and Person 
symbol hp2, belonging to space group of P63/mmc (JCPDS, 2004). The -CuZn4 also has a simple 
HCP structure (equivalent to Cu4Zn (David et al., 2003; JCPDS, 2010)). Its lattice parameters are a 
= 0.27418 nm and c = 0.42939 nm with Person symbol hp2 and space group P63/mmc. Zn 
comprises three close-packed (CP) plane families, {0002}Zn, {1101}Zn and {2110}Zn  , and three 
CP direction families, 〈2110〉Zn
SS , 〈1213〉Zn
PS
 and  〈1010〉Zn
ZZ. Here the superscripts, SS, PS and ZZ, 
refer to straight, pseudo straight and zigzag atomic rows, respectively (Zhang et al., 2005a,b). -
CuZn4 possesses four CP plane families, {0002}CuZn4 , {1101}CuZn4 , {2110}CuZn4  and 
{1010}CuZn4, and two CP direction families, 〈2110〉CuZn4
SS  and 〈1213〉CuZn4
PS .  
     Based on the E2EM model through calculation of the fr and fd values, total five ORs are 
predicted, which are listed in Table 3. The E2EM model-predicted ORs (1), (2), (3) and (4) agree 
well with the EBSD-determined ORs (a), (b), (c) and (d) listed in Table 2, respectively. Fig. 7 
schematically illustrates the atomic configurations on two matching planes (1, 0, 1, 1)Zn//(1, 1, 0, 1)CuZn4, 
which are associated with the predicted OR (1) (or determined OR(a)). The atomic configuration of 
the CP (1011)Zn plane, containing CP [1120]Zn
SS
 and [2113]
Zn
PS
 directions, is demonstrated in Fig. 7(a). 
The atomic configuration of the CP (1101) CuZn4 plane, containing CP [2113]CuZn4
PS
and 
[1120]
CuZn4
SS
directions, is shown in Fig. 7(b). Atomic configurations on other matching planes can 
also be constructed. For the purpose of brevity, they are not shown here. Fig. 8 is a simulated 
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superimposed diffraction patterns along the [2113]Zn/[1120]CuZn4 zone axis showing the predicted 
OR(1) between Zn and CuZn4, which corresponds to the experimentally determined OR(a) in Fig. 5. 
The simulated rotation angles between two matching plane pairs, i.e.(1, 0, 1, 1)Zn/(1, 1, 0, 1)CuZn4 
and (0, 1, 1, 0)Zn/(0, 0, 0, 2)CuZn4, are 0.31
o
 and 1.69
o
, respectively. These two simulated angles are 
very close to the determined values (0.66
o
 and 1.50
o
). 
      Previous work (Qiu et al., 2009b; Fu et al., 2009; Wang et al., 2013b; Fan et al., 2009; Qiu and 
Zhang, 2013; Li et al., 2012; Liu et al., 2014; Zeng et al., 2014) verifies that low fr and fd values are 
associated with high nucleation potency of primary solids on the particles. Generally, for effective 
nucleant, the values of fr and fd are lower than 7%. Examples include Mg-AlN (Fu et al., 2009), 
Mg-Al2Y (Qiu et al., 2009b; Qiu and Zhang, 2013), Mg-Zr (Li et al., 2012; Saha, 2010), Mg-MgO 
(Fan et al., 2009), Al-Al3Zr (Wang et al., 2013b), Al-Al3Nb (Wang et al., 2014), Zn-AgZn3 (Liu et 
al., 2014) and Li-Mg24Y5 (Zeng et al., 2014) systems. Regarding the present Zn-CuZn4 system, the 
fr and fd values related to all matching directions and matching planes were calculated based on the 
E2EM model, which are listed in Table 3. It can be seen that both fr and fd values are smaller than 5% 
for all possible ORs. The above analysis indicates that CuZn4 can act as potent heterogeneous 
nucleation sites for -Zn grains. 
Table 3 The interatomic spacing misfit (fr) along matching directions, interplanar spacing mismatch 
(fd) between matching planes, E2EM model-predicted orientation relationships (ORs) between Zn 
and CuZn4. 
ORs Matching directions fr (%) Matching planes fd (%) 
1 [21̅1̅3]Zn//[1̅1̅20]CuZn4 2.47 
 
(1̅011)Zn 0.31
o away from (11̅01)CuZn4 
(011̅0)Zn 1.69
o away from (0002̅)CuZn4 
0.65 
 
2 [21̅1̅0]Zn//[21̅1̅0]CuZn4 2.80 
 
(01̅11̅)Zn 0.30
o away from (01̅11̅)CuZn4 
(01̅10)Zn 3.63
o away from (01̅10)CuZn4 
0.65 
 
3 [1̅21̅0]Zn//[112̅0]CuZn4 2.80 
 
(1̅011)Zn  0.19
o away from (1̅101̅)CuZn4 
(101̅1)Zn 10.85
o away from (0002)CuZn4 
0.65 
2.58 
4 [1̅21̅0]Zn//[1123]CuZn4 4.62 
 
(0002)Zn  0.42
o away from (11̅00)CuZn4 
(101̅1)Zn 1.35
o away from (101̅1̅)CuZn4 
4.17 
0.65 
5 [2̅113]Zn//[21̅1̅0]CuZn4 2.47 
 
(1̅011̅)Zn 1.05
o away from (0002̅)CuZn4 
(01̅10)Zn 3.05
o away from (011̅1̅)CuZn4 
2.58 
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Fig. 7. Schematic atomic configuration on one matching plane-pair, (1, 0, 1, 1)Zn//(1, 1, 0, 1)CuZn4. The 
bold lines, representing close-packed atomic rows, demonstrate the matching directions within 
matching planes. The offline distance, D, for an atom relative to the matching planes is no more 
than an atomic radius (Zhang et al., 2005a,b). 
 
Fig. 8. Simulated diffraction patterns of the EBSD-determined OR(a) in Fig. 5 along the 
[2113]Zn/[1120]CuZn4 zone axis. The rotation angles between two matched plane pairs are 0.31
o
 and 
1.69
o
, respectively. All ∆gs are perpendicular to the interface trace (dashed line). 
4.2. Effect of the pro-peritectic particle size and Cu solute on grain refinement 
      Based on the above discussions, -CuZn4 can be considered as a potent heterogeneous 
nucleation site for η-Zn, leading to grain refinement. However, the experimental results in Fig. 1(b) 
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show grain coarsening when the Cu content is over 2 wt.%, even though more pro-peritectic -
CuZn4 phase formed in the Zn alloys with high Cu contents. This phenomenon can be explained 
through correlating the growth restriction factor (Q-value) with the particle size effect on the 
heterogeneous nucleation. Comparing with other well-acknowledged grain refining solutes that 
have high Q-values (at the maximum solubility), such as Q (Ti) = 33 K in Al (Easton and StJohn, 
2001), Q (Zr) = 13.6 K in Mg (StJohn et al., 2005), Q (B) = 15 K in Ti (Bermingham et al., 2008) 
and Q (Ag) = 19.1 K in Zn (Liu et al., 2014), the Q-value of Cu in Zn corresponding to the 
maximum solubility (1.7 wt.%) is much smaller (3.4 K) (Liu et al., 2013). This implies that Cu 
solute has limited restriction effect on -Zn grain growth. In addition, according to the empirical Eq. 
(1) proposed by Easton and StJohn (Easton and StJohn, 2001; Easton and StJohn, 2008; StJohn et 
al., 2007), the average grain size of cast metals should be linearly proportional to the reciprocal of 
the Q-value, 1/Q.   
𝑑 =
𝑎
√𝜌𝑣𝑓
3 +
𝐷∆𝑇n
𝑣𝑄
                                                         (1) 
where a, ρv, f, v and ∆Tn represent fitting coefficient, density of nucleant particles, fraction of active 
nucleant particles, growing velocity of grains and the critical undercooling for nucleation, 
respectively. These parameters depend on specified grain-refining alloy systems (Easton and StJohn, 
2008; StJohn et al., 2007). However, plotting the average grain size of Zn-Cu alloys that were cast 
at a cooling rate of 1 K/s as a function of 1/Q (when the Cu content is greater than the maximum 
solubility, Cm, the Q-values were calculated using Cm (Wang et al., 2013a)) in Fig. 9(a), non-linear 
relation is obtained. This implies that there are other factors that influence the grain size. 
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Fig. 9. (a) The average grain sizes of Zn-Cu alloys plotted as a function of the reciprocal of the 
growth restriction factor, 1/Q; (b) small -CuZn4  particle observed in the Zn-2wt.% Cu alloy; (c) 
large dendrite -CuZn4 particles observed in the Zn-4wt.% Cu. 
      In order to understand the solidification process of Zn-Cu alloys in more depth, thermal analysis 
was carried out on the binary Zn alloys with various Cu contents. Fig. 10 is representative thermal 
analysis results of binary Zn alloys with Cu contents of 1.0 wt.%, 2.0 wt.%, 2.5 wt.% and 4.0 wt.%, 
showing both the cooling curves and the variations of cooling rate with cooling time during 
solidification. Any slope change on the cooling curves corresponds to a phase transformation. This 
can be more clearly illustrated on the cooling rate curves. When the Cu content is below the 
maximum solubility, Cm, as shown in Fig. 10 (a), there is only one broad peak on the cooling rate 
curve staring at 424.01 K, which is below the peritectic temperature (425 K) of the Zn-Cu system. 
This peak corresponds to the formation of -Zn directly from the liquid. Once the Cu content is 
over the Cm, as shown in Figs. 10 (b) - (d), a narrow peak appears before the broad peak on the 
cooling rate curves. According to the Zn-Cu phase diagram, this narrow peak corresponds to the 
formation of -CuZn4 phase from the liquid. With increasing Cu content from 2.0 wt.% to 4.0 wt.%, 
the formation temperature of -CuZn4 phase increases from 434.29 to 493.54 K. This is consistent 
with the Zn-Cu phase diagram. As a result of forming -CuZn4 from the liquid, the formation 
temperatures of -Zn are risen to 426.63 K at 2.0 wt.% Cu and 427.05 K at 2.5 and 4.0 wt.% Cu, 
respectively. This implies that -CuZn4 promoted the formation of -Zn at temperatures above the 
peritectic temperature. Although further evidence is required, it is highly likely that the -Zn in the 
alloys with Cu content over Cm formed through heterogeneous nucleation on the pro-peritectic -
CuZn4 phase. This is due to three reasons. (1) As stated above, -CuZn4 can act as effective 
heterogeneous nucleation sites for -Zn. (2) Because the actual cooling rate during thermal analysis 
was much higher than the ideal equilibrium cooling rate that is considered as indefinitely slow, 
peritectic reaction is unlikely occur due to the too slow diffusion of solute in the solid (Qian and 
Das, 2006; StJohn, 1990; StJohn, 2009). (3) Provided peritectic reaction occurred, it should 
commence at or below the peritectic temperature of 425 K; however, Fig. 10 shows that the -Zn 
started forming at higher temperature. From Fig. 10, it also can be seen that the Cu content 
increases the -CuZn4 growth time before the nucleation of -Zn. The -CuZn4 growth time is 
defined as the time difference between the formation of -CuZn4 phase and -Zn phase, as shown 
by t in Figs. 10(b)-(d). Therefore, comparing with small -CuZn4 particles at low Cu content as 
shown in Fig. 9 (b), large dendritic -CuZn4 particles formed and were observed in the alloys with 
95
 
 
high Cu content as exposed in Fig. 9(c). According to the free growth model (Greer et al., 2000; 
Quested and Greer, 2004), larger particles can more effectively promote heterogeneous nucleation. 
 
Fig. 10. Cooling curves and cooling rate curves determined from thermal analysis on: (a) 1.0 wt.% 
Cu; (b) 2.0 wt.% Cu; (c) 2.5 wt.% Cu; (d) 4.0 wt.% Cu. ∆ t in (b)-(d) is growth time of the pro-
peritectic -CuZn4 phase before the formation of -Zn. 
      Based on the above crystallographic discussions and the thermal analysis outcomes, results 
shown in Figs. 1 and 2 can be explained as follows: 
when the Cu content is below Cm (1.7 wt.%), no pro-peritectic phase forms. -Zn can only nucleate 
on either native nucleant particles (if existing in Zn melt) or mould walls at  temperatures below the 
peritectic temperature. In this case, although the Q-value of Cu in Zn is small, it still restricts the 
grain growth compared with pure Zn, particularly at lower temperatures. Hence, increase in Cu 
content leads to smaller grains. At a Cu content of 2.0 wt.%, which is just over Cm, small fraction of 
-CuZn4 phase forms before -Zn nucleates. Because of the small amount, the -CuZn4 particles 
formed are small. Heterogeneous nucleation on such -CuZn4 particles positively contribute to the 
grain refinement. Hence, the smallest grain size is obtained at 2.0 wt.% Cu. Once the Cu content is 
over 2 wt.%, coarse -CuZn4 dendrites form within the liquid prior to the formation of -Zn. Such 
large -CuZn4 particles act as preferred and effective heterogeneous nucleation sites for -Zn. 
Because the total fraction of the pro-peritectic CuZn4 phase is defined by the phase diagram, larger 
particles are associated with small numbers in terms of a fixed cast volume. Thus, the overall 
number of nuclei formed through heterogeneous nucleation is lowered. Furthermore, due to the low 
Q-value of Cu (limited restriction on grain growth) and relatively higher temperature, the growth 
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velocity of -Zn grains nucleated on the pro-peritectic particles is high. This results in grain 
coarsening. In summary, heterogeneous nucleation in liquid metals does not have to lead to grain 
refinement. It depends on the number and size of the heterogeneous nucleation sites (normally 
called nucleants) and the restriction effect of solutes on grain growth. 
5. Conclusions 
 
(1) Addition of Cu can effectively convert columnar structure into equiaxed grains and 
significantly refine the grain size of cast Zn-Cu alloys. The smallest grains are produced at 2.0 
wt.% Cu. Further addition of Cu led to coarsening of CuZn4 particles, resulting in the decrease 
in the number density of the potent nucleant particles. In addition, due to the low growth 
restriction factor (Q-value) of Cu in liquid Zn, the higher Cu content had limited effect on 
restriction of grain growth. Hence, the grain size increased in the Zn-Cu alloy when the Cu 
content was over 2.0 wt.%. 
(2) A reproducible HCP-HCP orientation relationship (OR) between pro-peritectic -CuZn4 
phase and -Zn was experimentally determined in the grain-refined Zn-Cu alloys. This OR 
can be expressed as [2, 1, 1, 3] Zn// [1, 1, 2, 0] CuZn4, (1, 0, 1, 1) Zn// (1, 1, 0, 1) CuZn4, 
(0, 1, 1, 0)Zn//(0, 0, 0, 2)CuZn4. This indicates that the pro-peritectic -CuZn4 particles can act as 
potent heterogeneous nucleation sites for -Zn grains regardless whether the peritectic 
reaction occurs or not. 
 
(3) Heterogeneous nucleation in liquid metals does not definitely result in grain refinement. It 
depends on the number and size of the heterogeneous nucleation sites (normally called 
nucleant particles) and the restriction effect of solutes on grain growth. 
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Chapter 8 Grain Refinement of Cast Zn through Adding Mg 
8.1 Chapter overview 
      The question, whether peritectics are essential for grain refinement of cast metals/alloys, 
remains a long controversy, in particular for Zn. In this chapter, the eutectic-forming solute element, 
Mg, is found to significantly refine the grain structures of cast Zn. Based on the extensive 
examination from differential thermal analysis (DTA), XRD, high resolution SEM, EDS and the 
tilting selected area diffraction (SAD), some faceted Zn-Mg nucleant particles (present at or near 
grain centres) are reproducibly observed and characterized to be the hexagonal close-packed MgZn2 
phase. Using the convergent beam Kikuchi line diffraction pattern (CBKLDP) technique, an 
orientation relationship (OR) (between MgZn2 and Zn) is determined, which has already been 
reported in other nucleation system. Then, the thermodynamic role of Mg in grain refinement of 
cast Zn was calculated using a Thermo-Calc® based numerical method. The overall nucleation 
strength is mainly responsible for the grain refinement occurring in the Zn-Mg alloy system. 
Regarding grain refinement of cast Zn, the presence of peritectics is not a sufficient and necessary 
condition. 
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8.2 Associated paper 
 
 
 
 
 
 
Paper 5 
Grain refinement of cast zinc through magnesium inoculation: Characterization and mechanism 
Zhilin Liu, Dong Qiu, Feng Wang, Johan A. Taylor, Mingxing Zhang 
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Abstract 
      It was previously found that peritectic-forming solutes are more favourable for the grain 
refinement of cast Al alloys than eutectic-forming solutes. In this work, we report that the eutectic-
forming solute, Mg, can also significantly grain refine cast Zn. Differential thermal analysis (DTA) 
of a Zn-Mg alloy, in which efficient grain refinement occurred, evidenced an unexpected peak that 
appeared before the nucleation of -Zn grains on the DTA spectrum. Based on extensive 
examination using X-ray diffraction, high resolution SEM and EDS, it was found that: (a) some 
faceted Zn-Mg intermetallic particles were reproducibly observed; (b) the particles were located at 
or near grain centres; (c) the atomic ratio of Mg to Zn in the intermetallic compound was 
determined to be around 1/2. Using tilting selected area diffraction (SAD) and convergent beam 
Kikuchi line diffraction pattern (CBKLDP) techniques, these faceted particles were identified as 
MgZn2 and an orientation relationship between such grain-centred MgZn2 particles and the -Zn 
matrix was determined. Hence, the unexpected peak on the DTA spectrum is believed to correspond 
to the formation of MgZn2 particles, which act as effective heterogeneous nucleation sites in the 
alloy. Together with the effect of Mg solute on restricting grain growth, such heterogeneous 
nucleation is cooperatively responsible for the grain size reduction in Zn-Mg alloys.  
Key words: Cast Zn alloy; Grain refinement; Heterogeneous nucleation; Characterization; Growth 
restriction 
1. Introduction   
      Through the addition of efficient grain refiners into metal melts, the formation of fine, equiaxed 
and uniform grain structures can be enhanced. Such grain-refined microstructures deliver casting 
soundness and improved mechanical properties, further facilitating subsequent mechanical 
processing and therefore the service performance of polycrystalline metallic materials [1-3]. Zinc is 
favoured as an engineering material for many industrial applications due to its low melting 
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temperature, good atmospheric corrosion resistance and sound dimensional tolerance [4]. Wrought 
Zn products are mainly used in four forms: flat-rolled products, wire-drawn products, extrusions 
and forged products [5]. To improve the formability and mechanical properties of these Zn products, 
the starting cast Zn ingots need to be grain refined [6-8]. Recently, two peritectic-based master 
alloys (Zn-10wt.% Ag and Zn-18wt.% Cu) and two eutectic-based master alloys (Zn-60wt.% Mg 
and Zn-6wt.% Al) have been developed as grain refiners for cast Zn [9]. The grain refining 
mechanism of cast Zn through Ag/Cu inoculation has already been investigated and reported [10]. 
However, it still remains unclear why the eutectic-forming solutes Mg/Al can also lead to 
significant grain refinement in cast Zn [9]. 
      Over the past six decades, research on grain refinement of cast metals/alloys has been 
extensively conducted in Al, Mg and their respective alloys [2, 11-16], and the most significant 
grain refiners have mainly been found in the peritectic-based alloy systems. This includes the Al-Ti 
system [17, 18] (or Al-Ti-B [19]), the Mg-Zr system [14, 20], the Mg-Al-Y system [21, 22] and the 
Zn-Ag system [10]. In the early 1950s, Crossley and Mondolfo [17, 18] first proposed the peritectic 
theory to elucidate grain refinement in Al and Al-based alloys. In the middle of 1960s, Emley [14] 
re-introduced the peritectic theory to explain grain refinement of Mg-Zr alloys. Recently, Wang and 
co-workers found that the peritectic-forming solute elements (V, Zr and Nb) have much higher 
grain refining efficiencies than the eutectic-forming solute elements (Cu, Mg and Si) in cast Al 
when the solutes are added at levels over their individual maximum solid solubility (Cm) [15, 23]. 
However, Qian and StJohn [20, 24] suspected the contribution of peritectics in the grain refinement 
of Mg, because notable grain refinement can be achieved at levels far below Cm. Therefore, the 
question of whether peritectics are essential for the grain refinement of cast metals/alloys remains 
controversial, particularly for Zn. 
      The present authors previously found that peritectic-forming solutes, Ag and Cu, substantially 
reduce the grain sizes of cast Zn even at concentrations below Cm [9]. Ag contributes to the grain 
refinement of cast Zn through a strong growth restriction effect and the in-situ formation of pro-
peritectic nucleant particles that have favourable nucleation crystallography [10]. However, they 
also reported [9] that addition of the eutectic-forming solute, Mg, can produce significant grain 
refinement in cast Zn. Thus, several questions arise: (1) What are the grain refining mechanisms of 
Mg in cast Zn? (2) Does any enhanced heterogeneous nucleation occur in this eutectic alloy? (3) If 
so, what are the potent nucleant particles? (4) What are the dominant factors that govern the grain 
refining efficiency in cast metals? 
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2. Experimental procedure  
2.1. Materials and cast process 
      In order to add Mg into liquid Zn, a master alloy (Zn-60wt.% Mg) was first prepared using 
super-high-purity Zn ingots (99.995 wt.%) and Mg ingots (99.95 wt.%) that were melted together at 
750 
o
C in a steel crucible coated with boron nitride in an electrical resistance furnace. This melting 
process was carried out using a protective cover gas (1.0% SF6, 49% dry air and 50 vol.% CO2). 
Eight binary Zn-Mg alloys, containing 0.03%, 0.06%, 0.10%, 0.20%, 0.30%, 0.45%, 0.60% and 
0.74 wt.% Mg respectively, were then produced through weighed additions of the master alloy into 
Zn melts at 600 
o
C. Unless specified otherwise, all chemical compositions in the work are described 
in weight percent. After isothermally holding the melts of binary Zn-Mg alloys at 600 
o
C for 20 
minutes, removing the surface dross and stirring, the melts were then cast into cylindrical graphite 
moulds (30 mm in diameter and 40 mm in length) that were preheated to 600 
o
C. An N-type 
thermocouple was used to measure the average solidification cooling rate. The cooling method 
developed by Backerud and Shao [25] was used in this paper. Using such a cooling method, the 
average cooling rates in the casting moulds were determined to be around 1 
o
C/s. Chemical 
compositions of both the master alloy and the Zn-Mg alloys were determined using inductively 
coupled plasma atomic emission spectroscopy (ICP-AES). The results are listed in Table 1. In order 
to investigate the potential phase transformation associated with the solidification of Zn-Mg alloys, 
differential thermal analysis (DTA) was also carried out on pure Zn and the Zn-Mg alloys using a 
Netzsch DTA 402 C system at a cooling rate of 0.08 
o
C/s. 
Table 1 Contents of major solute elements in the as-cast master alloy, and the difference of Mg 
concentrations between nominal and determined addition levels in the eight Mg-Zn alloys. 
Master alloy 
Zn-60wt.% Mg 
Solute concentrations determined using ICP-AES (all in wt.% unless specified otherwise) 
Zn Mg Cu Al Fe Ni Sn Mn Cr Pb Cd 
.Bal 60.05±0.15 .002 .002 .002 .001 .001 .024 .001 .001 .001 
Grain-refined 
specimens 
Specimen No. Nominal addition Determined content 
1 0.03 Mg 0.023 Mg 
2 0.06 Mg 0.044 Mg 
3 0.10 Mg 0.067 Mg 
4 0.20 Mg 0.150 Mg 
5 0.30 Mg 0.260 Mg 
6 0.45 Mg 0.410 Mg 
7 0.60 Mg 0.570 Mg 
8 0.74 Mg 0.730 Mg 
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 2.2. Microstructural characterization 
      Metallographic samples were sectioned at a position about 10 mm from bottom of the 
cylindrical ingots and were then ground and polished using Struer® equipment. To highlight the 
grain boundaries, the metallographic specimens were etched with Gennone-Kersey solution (84% 
distilled H2O, 15% H2SO4 and 1 vol.% HF). These specimens were firstly examined using a Leica 
polarised optical microscope (OM) equipped with a Spot 32 image analysis software. The average 
grain sizes were measured using the linear intercept technique (ASTM 112-10). In samples where 
the addition level exceeded 0.2 wt.% Mg, due to the insufficient contrast, it was hard to distinguish 
the adjacent grains using optical microscopy. Therefore, electron backscattered diffraction (EBSD) 
was used to examine the microstructure of these alloys. In order to identify phase constituents, the 
binary Zn-Mg alloys were examined using X-ray diffraction (XRD) in a Bruker D8 diffractometer. 
XRD was operated at 40 kV with Cu-K radiation (wavelengths is λkα1 = 1.54056 Å). 
      In order to investigate the possibility of heterogeneous nucleation occurring in the Zn-Mg 
binary systems, the grain-refined alloys were also examined in a transmission electron microscopy 
(TEM) to identify the heterogeneous nucleation particles (also called nucleants). The nucleants 
were located within the grains. Because the size of the grain-centred particles is small (1 ~ 6 µm) 
compared with the average grain size ( ≥ 100 µm), it was extremely difficult to find such particles 
in TEM using the thin foils prepared by the conventional TEM preparation methods (i.e. twin-jet 
polishing, precision ion polishing system (PIPS) and tri-pod grinding). Focused-ion beam (FIB) 
milling remains as a unique method for site-specific TEM specimen preparation [26-30]. However, 
FIB cannot be directly employed on the ion beam-sensitive Zn alloys due to severe ion beam 
damage. Thus, a modified FIB-TEM method was developed to prepare site-specific TEM specimen 
for the ion beam-sensitive Zn alloys in this paper. The conventional process of FIB-TEM sample 
preparation consists of: (1) depositing a protective Pt layer using an ion beam to preserve the target 
area; (2) subsequent rough milling; (3) lifting-out; and (4) post-thinning. The modified method 
combines the electron beam-induced (EBI) deposition process with the ion beam-induced (IBI) 
deposition process to produce two consecutive Pt layers before follow-up FIB thinning. Fig. 1 
shows one typical site-specific FIB-TEM specimen which was prepared using this modified method. 
More details of the modified method are given in Appendix A. The EBI Pt layer provides 
protection of the target area from ion beam damage, and the subsequent IBI process can then more 
efficiently deposit a Pt layer over the initial EBI layer, thereby reducing the time consumed in the 
whole process. Site-specific TEM specimens were milled out from a bulk sample by Helios 
Nanolab 600 dual beam SEM/FIB, and an in-situ lift-out procedure was used to secure the TEM foil 
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on an Omniprobe
®
 TEM grid. All the TEM specimen were then examined in a JEOL 2100 TEM 
operated at 200kV. 
 
Fig. 1. An example of successful FIB-TEM specimen prepared using the modified method: (a) the 
ion beam image of a grain-centred nucleation particle; (b) an initial 0.5 µm thick Pt layer deposited 
by electron beam; (c) the subsequent 1.5 µm thick Pt layer over (b) deposited by ion beam; (d) TEM 
bright field image of the two consecutive Pt layers. The inset I in (d) is ion beam image of the TEM 
specimen corresponding to (a) before FIB post-thinning. 
3. Results 
3.1. Microstructures of the Zn-Mg alloys 
      Fig. 2 presents typical optical micrographs of some selected cast Zn-Mg alloy microstructures. 
Addition of 0.03 wt.% Mg fully converted the columnar grain structure of pure Zn into equiaxed 
grains, as shown in Figs. 2a-b. Further increases in Mg content led to significant grain refinement, 
as illustrated in Figs. 2c-f. In the plot of average grain size versus Mg content in Fig. 3,  it can be 
seen that the grain size decreases sharply from 1878 to 224 µm with only 0.1 wt.% Mg addition 
(note: the maximum solubility (Cm) of Mg in Zn is 0.1 wt.%). A further increase in the Mg content 
causes a continual reduction in the average grain size down to 84 µm at 0.74 wt.% Mg, and this is 
associated with the formation of a eutectic structure (Zn + Mg2Zn11), as can be seen in the insert in 
Fig. 3. 
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 Fig. 2. Typical optical microstructures of the as-cast pure Zn refined by addition of Mg. (a) pure Zn 
(1878 µm); (b) Zn-0.03wt.% Mg (455 µm); (c) Zn-0.10wt.% Mg (224 µm); (d) Zn-0.20wt.% Mg 
(164 µm); (e) Zn-0.60wt.% Mg (84 µm); (f) Zn-0.74wt.% Mg (85 µm). 
 
Fig. 3. Variation of average grain sizes of the cast binary Zn-Mg alloys with Mg content. Inset (a) is 
the band contrast image showing typical microstructure of the Zn-0.74wt.% Mg alloy. Inset (b) is an 
electron backscattered diffraction (EBSD) mapping of (a). 
3.2. Characterization of potent nucleant particles 
      To understand the grain refining mechanism in cast Zn by Mg, the as-cast Zn-Mg alloy 
specimens were further examined using XRD to identify the phase constituents in the alloys. Fig. 4 
107
shows the XRD spectra results. It can be seen that when the Mg content is equal to or below Cm, 
only η-Zn phase can be detected, as shown in spectra (1) - (3). In alloys with Mg contents over Cm, 
the Mg2Zn11 phase is also identified in the spectra (4) - (6). According to the equilibrium Zn-Mg 
binary phase diagram, this phase is one of the eutectic constituents (Zn + Mg2Zn11), which is 
formed after the nucleation of η-Zn through a eutectic reaction. However, in alloys with higher Mg 
contents, some unexpected XRD spectra peaks were reproducibly observed, as shown in Fig. 4b. 
The intensities of these peaks are very low, probably due to the small volume fractions or/and small 
sizes. In terms of the Powder Diffraction File database [31], these unexpected weak peaks match 
well with the MgZn2 phase. 
 
Fig. 4. (a) XRD spectra of the as-cast Zn-Mg alloys; (b) enlarged area indicated by the rectangle in 
(a). 
      In order to accurately identify the unexpected phase and to understand its role(s) in grain 
refinement of the cast Zn alloys, the following questions need to be answered first. (a) What is the 
morphology of the phase? (b) When was it formed during the solidification process? (c) Are there 
any crystallographic relationships between this phase and Zn matrix? To characterize the 
morphology of the unexpected phase, the cast Zn-0.6wt.% Mg alloy was examined in a high 
resolution SEM. As shown in Figs. 5a and b1, small grain-centred (or near grain-centred) and 
faceted particles were frequently observed. Energy dispersive spectroscopy (EDS) analysis (see Fig. 
5b2) indicated that the chemical composition of such particles is Mg32.86Zn67.14, which is very close 
to and can be simplified as MgZn2. After examining a large number of the grain-centred particles, 
their sizes were measured to be within a range of 1 to 6 µm. Fig. 5b3 shows the particle size 
distribution. More examples of typical MgZn2 particles with a faceted morphology are illustrated in 
Figs. 5c-h.  
      To understand when such particles formed, the solidification process was investigated by 
differential thermal analysis (DTA). As expected, compared with pure Zn, an additional inflection 
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point (or an extra peak) appears on the DTA curve (or on the first derivative of DTA curve) of the 
alloys containing over 0.1 wt.% Mg. Fig. 6 shows the DTA curves and the first derivative of DTA 
curves of pure Zn and the Zn-0.1wt.% Mg alloy, respectively. It can be seen that, at 466.1 
o
C prior 
to the formation of -Zn at 419.66 oC, an extra turning point appears on the DTA curve in Fig. 6a 
and an extra peak appears on the first derivative of DTA curve in Fig. 6b, which indicate the 
formation of different phase. Combining the XRD results in Fig. 4 with the Zn-Mg phase diagram, 
it is believed that this phase formed before -Zn is MgZn2. Although the MgZn2 phase in Zn-0.1wt% 
Mg was not detected by the XRD presumably due to the very low volume fraction, the DTA results 
verified the formation of such a phase during the solidification process. To further confirm the 
crystal structure of this phase, the grain-centred particles were further examined using selected area 
diffraction (SAD) combined with tilting technique [32]. The TEM bright field micrograph of one 
typical particle-matrix pair is illustrated in Fig. 7a. Figs. 7b-d show three SAD patterns taken at 
three different positions (three low-index zone axes) from the same grain-centred particle. There 
was only a small difference between the d-spacing values from SAD determination and from the 
PDF card, which are listed in Fig. 7e. These patterns can be well indexed in terms of the crystal 
structure and lattice parameters of the HCP MgZn2  (a = 5.223 Å, c = 8.5684 Å) with a space group 
of hp12 [31]. 
109
 Fig. 5. SEM micrographs showing the unexpected grain-centred particles (MgZn2) and the 
associated EDS analysis results in the Zn-0.6wt.% Mg alloy. (a) and (b1) typical SEM 
microstructure; (b2) EDS analysis result of the grain-centred particle in (b1); (b3) size distribution 
of the grain-centred particles; (c) - (h) typical morphology of the particles. 
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 Fig. 6. Differential thermal analysis (DTA) results of the as-cast pure Zn and the grain-refined Zn-
0.1wt.%  Mg alloys. (a) DTA curves plotted as a function of time, and (b) the first derivative of 
DTA against time showing the formation of MgZn2 at 466.1 
o
C. 
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 Fig. 7. TEM bright field micrograph of a grain-centred MgZn2 particle and its SAD patterns at 
different tilting positions. (a) TEM bright field image of a particle-matrix pair; (b) SAD pattern 
taken at [2 -1 -1 0]MgZn2 axis; (c) SAD pattern taken at [0 1 -1 0]MgZn2 axis; (d) SAD pattern taken at 
[1 -2 1 -3]MgZn2 axis; (e) Comparison of the interplanar spacing (d-spacing) values between SAD 
results and PDF card. 
3.3. Crystallography between the grain-centred particle and the -Zn matrix 
      The crystallographic orientation relationship (OR) between the grain-centred MgZn2 particle 
and the Zn metal matrix was determined using the convergent beam Kikuchi line diffraction pattern 
(CBKLDP) technique [33]. A typical TEM micrograph showing the nucleation particle-matrix pair 
(MgZn2 - -Zn) and the corresponding CBKLDPs are shown in Fig. 8. After indexing the Kikuchi 
diffraction patterns, an OR between the particle and the matrix was determined. It is expressed as 
follows: 
[1̅1̅20]MgZn2 2.24from [112̅0]Zn, (11̅00)MgZn2 1.12from (0002̅)Zn, (0002)MgZn21.8from 
(11̅00)Zn                                  (1) 
112
A similar HCP-HCP OR has been previously reported in the Al2CO-Mg nucleation system [34, 35] 
and was expressed as follows: 
[12̅10]Al2CO||[112̅0]Mg, (101̅0)Al2CO 2.8from (0002)Mg                   (2) 
In light of the experimental errors, the present determined OR (1) between MgZn2 and -Zn can be 
considered as a different variant of the HCP-HCP OR (2) between Al2CO and Mg. This implies that 
MgZn2 particles have a crystallographic relationship with -Zn matrix. Generally, in crystalline 
materials, the crystallographic relationship between any two phases is associated with phase 
transformations. According to the Zn-Mg equilibrium phase diagram, it is unlikely that MgZn2 
phase forms through precipitation in the Zn alloys containing Mg below 6.3 wt.%. Hence, it is 
considered that the crystallographic relationship should be attributed to the heterogeneous 
nucleation of -Zn on the MgZn2 particles that formed from the melt at higher temperatures, such 
as 466.1 C. The nucleation temperature of -Zn is 419.66 C, as shown in Fig. 6. This combined 
evidence indicates that MgZn2 particles are effective nucleants for -Zn. 
 
Fig. 8. (a) Bright field TEM image showing the MgZn2 particle and -Zn matrix; (b) Convergent 
beam Kikuchi line diffraction patterns (CBKLDPs) from MgZn2 particle; (c) CBKLDPs from Zn 
matrix. The green solid lines are denoted as crystallographic plane trace. 
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4. Discussion    
4.1. Modelling the grain refinement of Zn-Mg alloys 
      It is generally considered that both potent nucleant particles and solute additions are essential 
for grain refinement [36-38]. StJohn et al. [39] studied the grain refinement of Al and Mg-based 
alloys and found that the average grain size (dgs) of cast metals can be expressed as 
𝑑𝑔𝑠 =
𝐷∙𝑧∙∆𝑇𝑛
𝑣𝑄
+
4.6∙D
𝑣
(
𝐶𝑙
∗−𝐶𝑜
𝐶𝑙
∗(1−𝑘)
) + 𝑥𝑠𝑑                                         (3) 
where D, z·∆Tn, v, Q, 𝐶𝑙
∗, 𝐶o, k and xsd are denoted as diffusion coefficient, critical constitutional 
supercooling (CS) for nucleation, growth rate, growth restriction factor, solute concentration at 
solid/liquid (S/L) interface, initial solute concentration in liquid, partition coefficient and 
interparticle spacing, respectively. Eq. 3 includes the contributions of both solute and effective 
nucleant to the as-cast grain sizes. Q is an effective parameter to assess the solute effect on the 
reduction in grain size, and this has been proved by experiments [38, 40]. Q is defined by 
d(∆Tc)/dfs|fs=0, where ∆Tc and fs are CS and solid fraction, respectively. In a binary system, Q equals 
to mco(k-1), in which m is the slope of the liquidus, k represents the partition coefficient and co is 
the solute concentration in liquid metal. For a particular alloy system, Eq. 3 can be simplified as Eq. 
4 [41].  
𝑑𝑔𝑠 = 𝑎 +
𝑏∆𝑇𝑛
𝑄
                                                                (4) 
      The StJohn’s model is normally applied to a grain refining systems with solute concentrations 
below the maximum solubility (Cm). For the present Zn-Mg system with Co  Cm, the model needs 
to be modified. When the solute content is over Cm, the fraction of pro-eutectic phase is less than 1. 
Assuming the grains of the pro-eutectic phase is spherical and even in size, the actual grain size (d) 
of the pro-eutectic phase is smaller than that calculated using Eq. 4, and will depend on the fraction 
of the pro-eutectic phase. In terms of the lever rule, dgs can be correlated by Eq. 5:   
4
3
𝜋𝑑3 =
4
3
𝜋𝑑𝑔𝑠
3 (
𝐶𝑒𝑢−𝐶o
𝐶𝑒𝑢−𝐶𝑚
)                                                   (5) 
where Ceu, Co and Cm are the eutectic concentration, the initial solute concentration and the 
maximum solubility respectively, as shown in Fig. 9a. When Co  Cm, the fraction of pro-eutectic -
Zn phase equals to 1 and d = dgs, as shown in Fig. 9b. In this case, the Eq. 4 is valid. When Co = Ceu, 
the fraction of pro-eutectic phase is 0 (full eutectic structure) and d = 0. When Cm  C0  Ceu, the 
fraction of pro-eutectic phase lies between 0 and 1, thus, d is smaller than dgs due to the eutectic 
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structure as shown in Fig. 9c. Substituting Eq. 5 and Co = Q/m(k-1) into Eq. 4, the actual grain size 
(d) of the pro-eutectic phase can be expressed using Eq. 6. Plotting the experimentally determined 
average grain size of the Zn-Mg alloys as a function of 1/Q in Fig. 9d, a linear relation between d 
and 1/Q can be observed when Co  0.1 wt.% Mg. From this segment linear relation, the a and b 
values were measured as 107.02 and 184.80. Based on these values and the Eq. 6, the actual grain 
size of pro-eutectic -Zn phase can also be calculated for the Zn alloys containing more than 0.1 wt.% 
Mg. The grain size calculated using StJohn’s model, the grain size calculated using Eq. 6 and the 
experimental results are also plotted in Fig. 9d, respectively. As can be seen in Fig. 9d, the grain 
sizes calculated using Eq. 6 are much closer to the experimental results than those calculated using 
the StJohn’s model. The high melting Laves phase (MgZn2) decomposes towards lower Mg 
concentrations via a cascade of peritectic transformations which have slow kinetics and are often 
incomplete. This suggests the hindered diffusion and a lack of equilibrium. The question arises that: 
it would give even better fittings in Fig. 9, if the Gulliver-Scheil (G-S) kinetics were considered. 
However, the G-S kinetic factors are not the focus of this paper, and they will be investigated in the 
near future. 
𝑑 = (𝑎 +
𝑏
𝑄
) ∙ √
𝐶𝑒𝑢−𝑄/𝑚(𝑘−1)
𝐶𝑒𝑢−𝐶𝑚
3
                                                  (6) 
115
 Fig. 9. (a) Partial Zn-Mg equilibrium phase diagram; (b) the grain size of cast alloys with Co < Cm; 
(c) the actual grain size of the cast alloys with Cm < Co < Ceu showing eutectic structure in between 
the adjacent pro-eutectic grains; (d) the experimentally measured (0.03 - 0.74 wt.% Mg) and 
calculated (0.1 - 0.74wt.% Mg) grain size of -Zn plotted against 1/Q. ∆T in (a) is defined as the 
freezing range [42]. 
      The above modelling indicates that both heterogeneous nucleation and solute effect 
cooperatively contribute to the grain refinement in Zn-Mg alloys. However, one may argue that it is 
the solute effect that predominately governs the reduction in grain size of these alloys. It was 
previously reported [9] that addition of Mg led to more significant grain refinement in cast Zn than 
other solutes, such as Al, Ag and Cu. In binary Zn alloy systems, the Qunit = m(k-1) values (i.e. Q-
value at unit solute concentration) of Mg, Al, Ag and Cu are 17.95, 5.14, 6.4 and 2.01 K, 
respectively. However, the solute contents required to achieve significant grain reduction of cast Zn 
to the same level of grain size (around 200 µm) are different. These are measured to be 0.1 wt.% 
Mg, 0.5 wt.% Al, 3.0 wt.% Ag and 2.0 wt.% Cu, which correspond to calculated Q-values for Mg, 
Al, Ag and Cu in Zn of 1.8, 2.4, 19.1 and 3.4 K, respectively. Thus, taking the effect of solute 
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concentration on the growth restriction factor into account, the Zn-Mg alloys are actually associated 
with the lowest Q-value due to the low Mg content. Hence, heterogeneous nucleation on the MgZn2 
particles that formed prior to the formation of -Zn also has contributed to the grain refinement. 
      The question arises is how the MgZn2 phase forms in binary Zn alloys containing less than 6.3 
wt.% Mg? In terms of the Zn-Mg phase diagram and equilibrium conditions, the MgZn2 phase 
should not exist at room temperature in the Zn alloys with Mg content less than 6.3 wt.%. However, 
in practice, the addition of Zn-60wt.% Mg master alloy into Zn results in gradual dissolution. As the 
isothermal holding time could not be infinitely long, the 6.3% point might shift towards lower 
concentration under the real solidification conditions, resulting in concentration fluctuation. Local 
areas with higher solute concentration in the liquid normally correspond to the last dissolved parts 
of the Zn-60wt.% Mg master alloy. During solidification, if some localised regions contained over 4 
wt.% Mg, then the MgZn2 particles may form before the formation of pro-eutectic -Zn. In the 
subsequent cooling process, these pre-formed MgZn2 particles are then able to act as heterogeneous 
nucleation sites. Hence, it is reasonably considered that the Mg concentration fluctuation in liquid 
Zn alloys results in the formation of MgZn2 phase. 
4.2. Other factors contributing to the grain refinement  
      Freezing range (∆T), which is defined as the temperature difference between liquidus and 
solidus at a given solute concentration, as shown in Fig. 9a, is another factor related to grain 
refinement. Abdel-Reihim et al. correlate ∆T to the time delay necessary for the heterogeneous 
nucleant particles to become effective during continuous nucleation [42]. The larger the ∆T value is, 
the more potent nucleant particles can be activated [42]. In the four reported Zn binary alloys [9], at 
the solute contents associated with significant grain refinement, the ∆T values of Mg, Al, Ag and 
Cu are 56.0, 24.1, 7.2 and 1.5 , respectively [9]. The largest freezing range of Mg in Zn implies 
that, at the same growth restriction factor, more native/in-situ formed nucleant particles (including 
MgZn2) can be activated to promote the heterogeneous nucleation in Zn-Mg alloys, compared with 
other Zn-Al, Zn-Ag and Zn-Cu alloys. This factor causes the reduction in grain size. 
      In addition, as indicated by the free growth model [43-45], the geometrical features of potent 
nucleant particles also govern heterogeneous nucleation. The geometrical features consist of 
morphology, particle size and size distribution. In the reported effective grain-refining systems, the 
size of active nucleant particles are 2.5 ~ 10.5 µm for Al2Y particles in Mg-1.5% Al-10wt.% Y 
alloy [46], 1 ~ 5 µm for Zr particles in Mg-Zr alloy [47], 3 ~ 5 µm for TiB2 particles in Al-5Ti-1B 
alloy [37] and 0.5 ~ 1 µm for MgAl2O4 particles in Al-Mg alloy [48]. The size distribution of 
nucleant particles in these efficient grain refining systems is relatively narrow. Normally, the active 
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nucleant particles, including TiB2 for Al alloys [19, 49, 50], Al3Zr for Al alloys [15] (or Al3Nb for 
Al alloys [23]), Zr for Mg alloys [51], Al2Y for Al alloys [52], Al8(Mn,Fe)5 for Al alloys [53] and 
MgO for Mg alloys [54, 55] systems, are faceted. In the present Zn-Mg alloys, the interfacial 
structures were characterized using both high-resolution SEM (see Figs. 5b-h) and TEM (see Fig. 
8a). Based on the interfacial characterization, it can be seen that: (a) a faceted interface also exists 
between MgZn2 and Zn, and (b) the grain-centred MgZn2 particle sizes only vary from 1 to 6 µm. 
This implies that the MgZn2 particles (formed prior to the formation of -Zn at a higher temperature 
around 466.1 C) geometrically satisfied with all criteria as active heterogeneous nucleation sites 
for -Zn, which contributes to grain refinement.   
5. Conclusion 
1. Through the addition of Mg into cast pure Zn, the significant grain refinement was achieved. 
Using XRD, EDS, selected area diffraction (SAD) and TEM tilting techniques, the faceted 
MgZn2 particles were identified within the -Zn grains, which act as effective 
heterogeneous nucleation sites.  
 
2. The significant grain refining efficiency of Mg in Zn results from the cooperative 
contributions from (a) the growth restriction effect of Mg solute and (b) the enhanced 
heterogeneous nucleation of Zn on MgZn2 particles. The MgZn2 particles formed prior to 
the formation of -Zn at a temperature of 466.1 C (the nucleation temperature of -Zn is 
419.66 
o
C), which is most likely due to the Mg concentration inhomogeneity in liquid alloy. 
 
3. Using convergent beam Kikuchi line diffraction pattern (CBKLDP) technique, an 
orientation relationship (OR) between MgZn2 particles and -Zn metal matrix was 
determined. This OR is expressed as: 
 
[1̅1̅20]MgZn2 2.24from [112̅0]Zn, (11̅00)MgZn2 1.12from (0002̅)Zn,  
 (0002)MgZn2 1.8from (11̅00)Zn 
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Appendix A 
      A modified FIB-TEM process has been developed to efficiently prepare site-specific TEM thin 
foil from the ion beam-sensitive Zn alloys. The process includes deposition of an initial protective 
Pt layer using an electron beam, followed by another Pt coating using an ion beam with higher 
efficiency, as shown in Fig. A1. The first layer sufficiently protects the target area when being 
exposed to the subsequent ion beam, and that second process ensures efficient deposition and high 
Pt coating density. When welding the lift-out thin foil to Cu grid, it is also suggested that the 
electron beam can be used to reduce ion beam damage. TEM observation indicates that the thin 
foils, prepared using Helios Nanolab 600 dual beam SEM/FIB according to this modified method, 
are of good quality. Details of this method are listed as follows: 
 For materials with weak conductivity, a conductive 2 nm thick Au (or C) coating needs to be 
applied before Pt deposition. 
 Deposit a 0.5 µm thick protective Pt layer using an electron beam operated at 15 kV, 1.4 nA. 
 Deposit another 1.5 µm thick protective Pt layer using an ion beam operated at 30 kV, 50 pA. 
 Mill the target area into a TEM thin foil from bulk samples using FIB cross-section milling 
operated at 30 kV, 96 pA. 
 Clean the TEM foil using FIB cross cleaning operated at 30 kV, 48 pA. 
 Weld the lift-out TEM thin foil to Cu grid using the electron beam.  
 Refine the TEM foil using FIB milling at 5 kV, 47/28 pA. The sample can be tilted by ± 1.5o 
for ‘V’ shape thinning, and the voltage and current may be adjusted as required. 
 
Fig. A1 Schematic illustration of the proposed sequence for depositing two consecutive Pt layers on 
the ion beam-sensitive materials before FIB milling: (a) an initial conductive coating, (b) the first 
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protective Pt layer deposited by electron beam, and (c) the second protective Pt layer deposited by 
ion beam. 
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Chapter 9 Outcomes, Conclusions and Future Work 
9.1 Outcomes and conclusion 
      The PhD project aimed at (a) developing effective grain refiners for cast Zn; (b) investigating 
the effect of grain refinement on the mechanical properties of cast Zn alloys; and (c) understanding 
the mechanism of grain refinement in cast Zn alloys. The outcomes of the research are summarized 
as follows: 
 Two peritectic-based grain refiners (Zn-10wt.% Ag and Zn-18wt.% Cu) as well as two eutectic-
based grain refiners (Zn-60wt.% Mg and Zn-6wt.% Al) have been developed for cast Zn. 
Addition of either peritectic-forming elements (Ag and Cu) or eutectic-forming elements (Mg 
and Al) into cast pure Zn leads to significant grain refinement, even though the growth 
restriction factor (Q) of these four solutes varies. Compared with Ag and Cu, Mg and Al seem 
to have better grain refining efficiency for cast pure Zn. 
 Effect of grain refinement on tensile properties of cast Zn alloys was investigated in both Zn-
Mg and Zn-Al alloys. In order to understand the strengthening mechanisms, empirical relations 
between yield strength (σy, MPa), grain size (d, µm), solute content (c, at.%) and intrinsic 
friction (σo, MPa) was established. Then, the contributions of grain-refinement strengthening 
and solid-solution strengthening to the yield strength of cast Zn alloys were distinguished and 
quantified. Individual contributions of grain-refinement strengthening and solid-solution 
strengthening to the yield strength of cast binary Zn alloys can be quantified as follows: 
For Zn-Mg alloy: 
                                                        σy  = 11.02 + 139.93c
 0.52
 + 0.58d
 -1/2
  
For Zn-Al alloy: 
                                                         σy  = 11.02 + 83.6c
 0.52
 + 0.56d
 -1/2
                
 Thermal analysis of the two peritectic alloy systems, i.e. Zn-Ag and Zn-Cu, evidenced the in-
situ formed pro-peritectic AgZn3 (or CuZn4) particles in Zn-Ag alloys (or in Zn-Cu alloys). Two 
new reproducible HCP-HCP orientation relationships (ORs) were experimentally determined 
using electron backscattered diffraction (EBSD) and a Euler-based numerical method. They are 
[1213]AgZn3 // [1210]Zn, (0111)AgZn3 // (1011)Zn, (1010) AgZn3 // (0002)Zn 
 [1120]CuZn4 // [2113]Zn, (1101)CuZn4 // (1011)Zn, (0002)CuZn4 // (0110)Zn 
This indicates that the pro-peritectic phases and the -Zn matrix are crystallographically related. 
Thus, it is concluded that although peritectic reaction may not occur due to the fasting cooling 
in practical cast process, there is high potency for the pro-peritectic AgZn3/CuZn4 particles to 
123
  
act as effective heterogeneous nucleation sites or so called nucleants. Hence, coarsening of the 
pro-peritectic phase particles led to grain coarsening of the cast Zn alloys owing to the reduction 
in number of available nucleant particles at high addition level of peritectic-forming solutes. 
 Thermal analysis of the two peritectic alloy systems evidences the in-situ formed pro-peritectic 
AgZn3 (or CuZn4) particles in Zn-Ag alloys (or in Zn-Cu alloys). Crystallographic studies of the 
two peritectic-based nucleation systems, i.e. Zn-AgZn3 and Zn-CuZn4, have been carried out 
using electron backscattered diffraction (EBSD) and a Euler-based numerical method. Two new 
reproducible HCP-HCP orientation relationships (ORs) were experimentally determined for the 
first time. Both the two HCP-HCP ORs and the high potency of pro-peritectic AgZn3/CuZn4 
particles (as nucleation sites for Zn grains) were also theoretically verified using the edge-to-
edge matching (E2EM) model. 
 Due to the inhomogeneity of Mg concentration in molten Zn-Mg alloy after addition of the 
master alloy, it was experimentally evidenced that MgZn2 phase formed prior the nucleation of 
Zn grains even though such phase would not form in the binary Zn alloys containing less than 
6.3 wt.% Mg. Based on the crystallographic and morphological studies, it is believed that the 
heterogeneous nucleation of -Zn on the pre-formed MgZn2 particles made significant 
contributions to the grain refinement in Zn-Mg alloys in addition to the Mg solute effect that 
restricts the gran growth.  
 Based on the present work, following criteria are formulated to develop effective grain refiners 
(or master alloy) for cast metals: 
o There are sufficient stable particles that in-situ formed before the nucleation of the 
grains. These stable particles can act as heterogeneous nucleation sites for the grains. 
Such particles should have crystallographic relation with the grains, faceted morphology 
and proper size and size distribution. Generally, pro-peritectic phase satisfies this 
criterion.  
o The master alloy contains solute element that has high Q-value in the liquid cast metal. 
o The added solute element should be associated with a large freezing range in the cast 
metal. 
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9.2 Future work 
      The results in this thesis provide some fundamentals in understanding the grain refinement and 
strengthening mechanism of cast Zn alloys. Some engineering and scientific achievements have 
been made; however, a number of problems/issues remain unsolved. 
 Regarding the nucleation and growth of η-Zn on potent particle, it is important to investigate (1) 
how the naturally-exposed crystallographic plane of nucleant particles generates layering of 
surrounding atoms from liquid metal; (2) how the solute atoms influence the crystallographic 
matching at the nucleating interface between nucleant particle and η-Zn matrix; (3) how to 
control the size and size distribution of potent nucleant particles. 
 It is an interesting research topic that how the heterogeneous nucleation happens at atomic level 
between the two phases with HCP structures. In order to achieve more in-depth understanding 
of mechanism of grain refinement, it would be good to investigate: (a) growth habit (habit 
plane), (b) interfacial structure, (c) interface dislocation structures, and (d) the ledge and terrace 
feature. 
 Currently, the growth restriction factor (or Q value) is widely used to evaluate the effect of 
solutes on grain refinement. A linear relationship between grain size and 1/Q has been 
experimentally verified in different alloy systems, such as Al, Mg, Ti and Zn alloys. However, 
calculation of the Q-value in the alloys with more than one solute is still a challenge. 
 The variation of the average grain size of the binary Zn-Al alloys with Al content is complicated.  
The grain refining mechanism in this alloy system needs further investigation. 
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